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I .  GENERAL INTRODUCTION 

The spec tacu la r  photographic successes of Surveyor I and t h e  Lunar 

O r b i t e r s  have g i v e n  man some unique views o f  t h e  moon. A s i m i l a r  s t a t e -  

ment may be made f o r  t h e  Mariner I V  f l i g h t  t o  Mars. I n  s p i t e  o f  these 

successes, v e r y  l i t t l e  has been learned about t h e  probab le  p h y s i c a l  or  

chemical  p r o p e r t i e s  of t h e  moon and Mars. Our ignorance i s  p a r t i c u l a r l y  

g l a r i n g  f o r  

Some s c i e n t  

t u r n e d  samp 

manned Apol 

urements i n  

depths below t h e  sur face o f  g r e a t e r  than a few m i l l i m e t e r s .  

f i c  ques t ions  concerning t h e  moon w i l l  be answered when re -  

es a r e  a v a i l a b l e  a t  t h e  successfu l  c o n c l u s i o n  o f  a f u t u r e  

o miss ion .  I t  i s  a l s o  o f  s c i e n t i f i c  i n t e r e s t  t o  make meas- 

s i t u  bo th  b e f o r e  and f o l l o w i n g  the  A p o l l o  s e r i e s .  Know- - 
ledge o f  the  M a r t i a n  sur face on a smal l  s c a l e  should p robab ly  be con- 

templated a t  p resent  o n l y  i n  terms o f  unmanned, s o f t - l a n d e r  miss ions.  

Several  d i f f e r e n t  techniques have been proposed fo r  measuring one 

or another  c h a r a c t e r i s t i c  o f  a remote sur face.  

cussed and reviewed a t  t h e  recent meet ing a t  t h e  Goddard Space F l i g h t  

Center, 3-5 October 1966, on  A n a l y t i c a l  Systems f o r  Lunar Sur face  Analy- 

s i s .  Among these a r e  x - ray  spectroscopy u s i n g  alpha-, beta-, or  gamma- 

r a y  sources t o  e x c i t e  t h e  x-rays, a lpha s c a t t e r i n g ,  mass spectrometry,  

and x - ray  d i f f r a c t i o n .  These methods have r e l a t i v e l y  sha l low depth  o f  

i n v e s t i g a t i o n ,  v a r y i n g  from a few hundredths o f  a mm to  a t  most a few 

cm. They e x h i b i t  v a r y i n g  degrees o f  s p e c i f i c i t y  to  i n d i v i d u a l  elements, 

and each method i s  wor thy  o f  c o n s i d e r a t i o n  t o  be i n c o r p o r a t e d  i n t o  

f u t u  r e  so f t -  1 ander m i  ss  i ons 

Many o f  these were d i s -  

I n  c o n t r a s t  t o  and complementing t h e  above methods, a neut ron  analy-  

s i s  exper iment has been proposed by Caldwel l  -- e t  a l e ’  

would employ a combinat ion o f  f o u r  neut ron  methods. The use o f  a com- 

b i n a t i o n  o f  neut ron  r e a c t i o n s  fo r  a n a l y s i s  has been p r e v i o u s l y  suggested 

by Monaghan -- e t  a12 , and by Trombka and MetzgerO3 

templated were i n e l a s t i c  (prompt) gamma-ray, c a p t u r e  gamma-ray, and 

T h i s  exper iment 

The f o u r  methods con- 
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a c t i v a t i o n  gamma-ray s p e c t r a l  measurements, and neu t ron  die-away. 

The paper o f  Caldwel l  -- e t  a1 extended t h e  work i n  t h e  t w o  e a r l i e r  

re fe rences  by v i r t u e  of  a d e t a i l e d  c o n s i d e r a t i o n  o f  t he  c a p a b i l i t i e s  

o f  t h e  die-away method and i n  t h e  suggest ion  t h a t  c y c l i c  ( i . e .  r e p e t i -  

t i v e )  a c t i v a t i o n  was wor thy  of c o n s i d e r a t i o n  as an a l t e r n a t i v e  and 

complement t o  normal a c t i v a t i o n ,  

1 

The present  r e p o r t  i s  concerned w i t h  t h e  r e s u l t s  o f  f e a s i b i l i t y  

s t u d i e s  on t h e  neu t ron  die-away method. The s t u d i e s  have i n v o l v e d  

measurements under a v a r i e t y  o f  c o n d i t i o n s  of  t h e  die-away o f  neutrons 

and gamma rays as produced by a pu lsed-neutron source and as measured 

by s u i t a b l e  de tec to rs .  I n  each case, source and d e t e c t o r  were p laced 

on t h e  sur face  o f  one o f  several rock  models which a r e  e f f e c t i v e l y  

s e m i - i n f i n i t e .  From t h e  r e s u l t s  o f  t he  f e a s i b i l i t y  s t u d i e s  d iscussed 

i n  d e t a i l  i n  t he  succeeding sect ions,  we have reached t h e  f o l l o w i n g  

t e n t a t i v e  conc lus ions :  

1) From e i t h e r  a gamma-ray or thermal-neutron die-away cu rve  f o r  

a g i ven  geomet r ica l  c o n f i g u r a t i o n ,  t he  macroscopic a b s o r p t i o n  

c ross  s e c t i o n  C may be determined. I f  rock  t ype  i s  known 

from a u x i l l i a r y  data, then rock  d e n s i t y  p may be deduced, i f  

p i s  known, rock  t ype  may be deduced. 

a 

2) Epi thermal die-away curves respond p r i m a r i  l y  t o  hydrogen and 

they  show a proper  and v e r y  s e n s i t i v e  response . to  hydrogen i n  

t h e  range o f  a few hundredths t o  a f e w  ten ths  o f  a we igh t  per  

cent  

3) Gamma-ray and thermal-neutron die-away curves r e f l e c t  a r e l a -  

t i v e l y  deep (up t o  about 2 f t)  m a t e r i a l  averag ing  c a p a b i l i t y ,  

r e s u l t i n g  i n  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  some i n f o r m a t i o n  

about t h e  dependence o f  m a t e r i a l  p r o p e r t i e s  as a f u n c t i o n  o f  

depth, 

4) From some b r i e f  c y c l i c  a c t i v a t i o n  s tud ies ,  i t  appears t h a t  0, 

S i ,  and a combinat ion o f  A1 and Mg can be de tec ted  w i t h  a low- 

o u t p u t  neu t ron  source, 
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I I .  THE NEUTRON DIE-AWAY METHOD 

We b e g i n  t h i s  s e c t i o n  w i t h  a q u a l i t a t i v e  d i s c u s s i o n  o f  t h e  neut ron  

die-away method. F i g u r e  1 shows a t i m i n g  diagram for t h e  combinat ion 

n e u t r o n  experiment which i s  use fu l  fo r  t h i s  d iscuss ion .  As may be seen 

f rom Fig.  1, a pr ime requirement f o r  such an exper iment i s  a source o f  

f a s t  neutrons which can be operated i n  a pu lsed mode. Shor t  b u r s t s  o f  

f a s t  neutrons a r e  separated by a r e l a t i v e l y  l o n g  t i m e  d u r i n g  which the  

source i s  o f f .  The process i s  repeated a t  r a t e s  o f  t h e  o r d e r  o f  hun- 

dreds o f  b u r s t s  per  second. The prompt gamma rays  from i n e l a s t i c  sca t -  

t e r i n g  a r e  c o i n c i d e n t  i n  t i m e  w i t h  t h e  f a s t  neut ron  b u r s t s .  The therm- 

a l i z e d  neutrons, and the  gamma rays r e s u l t i n g  f rom neut ron  c a p t u r e  by 

n u c l e i ,  have a d i f f e r e n t  t ime behavior .  Th is  behav io r  may be rough ly  

thought o f  as t h e  r e s u l t  o f  passing the  f a s t  neut ron  b u r s t  shape through 

an RC f i l t e r ,  w i t h  t h e  RC t i m e  cons tan t  be ing  a f u n c t i o n  o f  m a t e r i a l  

p r o p e r t i e s  and o f  t h e  geometr ica l  c o n f i g u r a t i o n  o f  t h e  source and de- 

t e c t o r .  The shape o f  t h e  decaying p o r t i o n  o f  t h e  thermal neut ron  or  

c a p t u r e  gamna-ray t i m e  d i s t r i b u t i o n  i s  of !paramount importance i n  the  

die-away technique. I n  p a r t ' i c u l a r  i f  t h e  die-away i s  an exponent ia l  

e-ht, t h e  decay cons tan t  h: (analogous to-) i s  o b t a i n e d  f r o m  t h e  

s lope o f  t h e  decay c u r v e  p l o t t e d  s e m i - l o g a r i t h m i c a l l y ,  The r e c i p r o c a l  

o f  h i s  c a l l e d  t h e  mean l i f e t i m e  7. 

1 
RC 

I f  one d e s i r e s  t o  l a y  a f i r m  t h e o r e t i c a l  groundwork f o r  t h e  d i e -  

away method, he i s  faced w i t h  a v e r y  fo rmidab le  task .  The q u a n t i t y  

which must be c a l c u l a t e d  i s  the v e c t o r  neut ron  d e n s i t y  N (r, v, t ) .  

Th is  i s  d e f i n e d  such t h a t  N d y  d; i s  the  number o f  neutrons i n  t h e  v o l -  

ume r t o  r + d r  and i n  t h e  v e l o c i t y  range v t o  v + dv a t  t i m e  t. The 

v e c t o r  neut ron  d e n s i t y  changes i n  r ,  v, t phase space due t o  n u c l e a r  

i n t e r a c t i o n s  and accord ing  t o  w e l l - d e f i n e d  s t a t i s t i c a l  laws, N ( r ,  v, t) 

s a t i s f i e s  an i n t e g r o - d i f f e r e n t i a l  equat ion  c a l l e d  t h e  Boltzmann t rans-  

p o r t  equat ion.  I t  i s  much l i k e  t h e  equat ion  govern ing phenomena o f  gas 

4 +  

-8 4 -# 4 4 9 

- 4  
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molecules, b u t  due t o  t h e  extremely l o w  p r o b a b i l i t y  o f  neut ron-neut ron  

i n t e r a c t i o n s  t h e  neu t ron  t r a n s p o r t  equa t ion  i s  l i n e a r  i n  N. The B o l t z -  

mann equa t ion  i s  v i r t u a l l y  unso lvab le  i n  p r a c t i c e ,  and approximate 

t h e o r i e s  must be used i f  one i s  t o  o b t a i n  numbers w i t h  which t o  compare 

exper imental  r e s u l t s .  

The sub jec t  o f  t h e o r e t i c a l  approximat ions t o  t h e  Boltzmann equat ion  

can and does f i l l  severa l  books today. Since t h i s  r e p o r t  i s  aimed i n  

a v e r y  s p e c i f i c  d i r e c t i o n ,  i t  would n o t  be proper t o  even b r i e f l y  re-  

v iew t h e  cho ices  which a r e  a v a i l a b l e  and a p p r o p r i a t e  t o  some p a r t i c u l a r  

problem. Instead we w i l l  use one o f  t he  approximat ions,  w i t h o u t  making 

any r e a l  a t tempt  t o  j u s t i f y  it, t o  o b t a i n  a s o l u t i o n  t o  the  neut ron  d i e -  

away problem f o r  a s e m i - i n f i n i t e  medium. I t  must be borne i n  mind t h a t  

we have n o t  t r i e d  t o  use t h e  best theory  a v a i l a b l e .  Instead, a com- 

promise was sought between phys ica l  r e a l i t y  and t r a c t a b i l i t y  o f  s o l u t i o n .  

A s imp le  b u t  reasonably good theo ry  o f  neut ron  and gamma-ray d i e -  

away f o r  a s e m i - i n f i n i t e  medium i s  u s e f u l  i n  severa l  ways. Ca lcu la ted  

die-away curves may be compared w i t h  exper imental  curves t o  o b t a i n  an 

i n d i c a t i o n  o f  how adequate the p a r t i c u l a r  t heo ry  i s .  I f  t h e  theo ry  i s  

good, one may be a b l e  t o  use the expressions i n  some data  f i t t i n g  scheme 

to  d i r e c t l y  o b t a i n  best  values o f  m a t e r i a l  neut ron  parameters. A theo ry  

may a l l o w  p r e d i c t i o n  o f  exper imental  r e s u l t s  f o r  s i t u a t i o n s  which a r e  

d i f f i c u l t  t o  s i m u l a t e  i n  the  l a b o r a t o r y ,  And f i n a l l y ,  t he  t h e o r e t i c a l  

r e s u l t s  t o  be descr ibed here  were used t o  es t ima te  how b i g  our  su r face  

models must be i n  o r d e r  t o  appear e f f e c t i v e l y  s e m i - i n f i n i t e  t o  w i t h i n  

any g i ven  amount o f  error. 

We have used a combinat ion o f  two approximate t h e o r i e s  i n  ou r  
d- 

study.*' These a r e  s teady-s ta te  age theo ry  and time-dependent one-energy- 

..Y. 

"For d e t a i l e d  d i scuss ions  o f  neut ron  t r a n s p o r t  t heo ry  and t h e  approxim - 
t i o n s  t o  i t ,  t h e  reader i s  r e f e r r e d  t o  t h e  book by Beckur ts  and W i r t z  t 
and Chap. 6 o f  the  book by Sneddon, 5 
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E x t r a p o l a t e d  Boundary 

group d i f f u s i o n  theory .  

which comes f r o m  age t h e o r y  and use t h i s  as t h e  d i s t r i b u t i o n  o f  

thermal source neutrons a t  t ime zero. 

be j u s t i f i e d  for  t w o  reasons. F i r s t ,  age t h e o r y  should be ade- 

quate i n  d e s c r i b i n g  the  slowing-down process i n  rocks which c o n t a i n  

v e r y  smal l  amounts of hydrogen. The assumption o f  cont inuous energy 

degradat ion  d u r i n g  s lowing  down, a c e n t r a l  assumption i n  age theory, 
i s  a v e r y  poor one f o r  hydrogen. 

would p revent  t h e  thermal neutron d i s t r i b u t i o n  f rom even approaching 

s p a t i a l  s a t u r a t i o n  w h i l e  t h e  epi thermal  neut ron  o r  slowing-down d i s -  

t r i b u t i o n  would presumably be s a t u r a t e d  (due t o  t h e  s h o r t  l i f e t i m e  o f  

t h e  ep i thermal  neutrons),  s teady-s ta te  age t h e o r y  should f u r n i s h  an 

adequate i n i t i a l  d i s t r i b u t i o n  o f  thermal source neutrons a t  t - 0. 

We take t h e  neut ron  slowing-down d e n s i t y  

T h i s  procedure appears t o  

Second, s i n c e  a b u r s t  o f  10 PSec 

The geometry f o r  t h e  die-away exper iment i s  shown below: 

z = o  

source 
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The source i s  p laced on t h e  surface. The o r i g i n  o f  t h e  c y l i n d r i c a l  

c o o r d i n a t e  system i s  taken a t  t h e  e x t r a p o l a t e d  s u r f a c e  where b o t h  

t h e  slowing-down and t h e  thermal neu t ron  d e n s i t y  a r e  assumed t o  go 

t o  zero. The age equat ion  t o  be so lved i s  

where q i s  t he  slowing-down dens i ty ,  S i s  t he  source s t rength ,  and 

i$ the  Fermi  o r  symbol ic age. Boundary c o n d i t i o n s  on q a r e  

as l i m  q (r, z, 8 )  = l i m  aq = 1 i m -  = o 5 az 

(r, z - 00) ( r  00) ( z  4 00) 

The s o l u t i o n  t o  Eq.( l)  s a t i s f y i n g  these c o n d i t i o n s  i s  used as an 

i n i t i a l  c o n d i t i o n  i n  t h e  time-dependent thermal d i f f u s i o n  equa t ion  

v D v n - v C a n  2 = - an 
a t  

where n i s  t h e  thermal neutron dens i t y ,  D i s  t h e  thermal d i f f u s i o n  co- 

e f f i c i e n t ,  v i s  t he  v e l o c i t y  o f  thermal neutrons, and Ca i s  t h e  macro- 

scopic a b s o r p t i o n  c ross  sect ion.  Cond i t ions  on n a r e  

r, z 4 00 r -. 00 
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n(r,O,t) = 0 (7) 

n(r,z,O) = q(r,z,Q) (8) 

We assume t h a t  8 i s  t h e  age t o  t h e  upper l i m i t  o f  t h e  thermal energy 

range. I t  i s  shown i n  the  Appendix t h a t  t h e  s o l u t i o n  t o  t h e  system o f  

equat ions  ( 1 )  th rough (8) i s  

I- -2 1 

p a t  + 

I 4 ~ r ( @ + v D t ~ ~ ’ ~  ’ 

f $ Jz-d)2) - t[z+d)2) ] (9) 
-e  0+vDt B+vDt 

S e -  n(r,z,t) = 

L -1 

F i g .  2 shows t w o  t y p i c a l  die-away curves c a l c u l a t e d  f r o m  Eq.(9). 

We have taken f i x e d  va lues  fo r  0 and D which would correspond rough ly  

t o  t h e  case of crushed g r a n i t e  rock  w i t h  0.5-weight percent  H 0. These 

t w o  parameters do n o t  change g r e a t l y  w i t h  rock  type, so they  c o u l d  a l s o  

be assumed f o r  crushed basa l t  f o r  t h e  purposes o f  t h i s  s e m i - q u a n t i t a t i v e  

c a l c u l a t i o n .  The vq lues  o f  Ca o f  0.005 and 0.010 cm-l correspond ap- 

p r o x i m a t e l y  t o  crushed g r a n i t e  and basa l t ,  r e s p e c t i v e l y .  Values o f  r 

and z of  25 and 4.7 cm, respec t i ve l y ,  a r e  fo r  a d e t e c t o r  l o c a t e d  on t h e  

model su r face  and 25 cm f rom t h e  source. The abscissa, wh ich  i s  t h e  

t ime  ax i s ,  i s  g i v e n  as channel number as i f  t h e  curves  had been ob ta ined  

w i t h  a mu l t i channe l  t ime  analyzer .  The s c a l e  i s  16 psec/channel .  

2 

The curves  i n  F i g .  2 reveal severa l  i n t e r e s t i n g  f e a t u r e s .  The r a t e s  

o f  decay a r e  q u i t e  d i f f e r e n t ,  showing s t r o n g  s e n s i t i v i t y  o f  Eq.(9) t o  

t h e  va lues  o f  C,. 
v i o u s l y  h o l d  l i t t l e  promise f r o m  t h e  s t a r t .  Bo th  curves  a r e  n e a r l y  

l i n e a r  on t h e  semi- log p l o t  which would imp ly  t h a t  t h e  decay i s  almost 

p u r e l y  exponen t ia l .  From the fo rm o f  Eq.(9), one i s  thus  tempted t o  i n -  

f e r  t h a t  

I f  t h i s  were n o t  t rue ,  t h e  die-away method would ob- 
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This i s  n o t  t h e  case, however, as may be seen from the  f o l l o w i n g  argu- 

ment, Assuming t h a t  t h e  curves a r e  a s y m p t o t i c a l l y  exponent ia l ,  e f f e c t -  

i v e  va lues of Ca can be obta ined from t h e  s l o p e  o f  each curve. 

va lues  a r e  0.0078 and 0.0127 cm-’, i n s t e a d  o f  t h e  c o r r e c t  va lues o f  

0.005 and 0.010. The apparent ly  l a r g e r  va lues  o f  Ca deduced t h i s  way 

r e f l e c t  the  p h y s i c a l  f a c t  t h a t  neutrons die-away n o t  o n l y  due t o  cap- 

tu re ,  b u t  a l s o  due t o  leakage o u t  o f  t h e  sur face .  Th is  leakage e f f e c t  

i s  t i e d  up i n  t h e  p a r t  o f  the express ion i n  Eq.(9) which m u l t i p l i e s  e 

To t h e  e x t e n t  t h a t  Eq.(g) i s  c o r r e c t ,  we might  w r i t e  t h a t  

These 

- vca t 

-v(Ca + Ca)  t 
n(r,z,t) - e 

where CA i s  a f i c t i t i o u s  e f f e c t i v e  c ross  s e c t i o n  fo r  leakage. 

t h e  f o r e g o i n g  se ts  o f  numbers, we f i n d  t h a t  ,EQ = 0.0028 and 0.0027 cm-l 

for g r a n i t e  and b a s a l t .  

a f f e c t i n g  EA a r e  9 and 0 which have been assumed equal for  g r a n i t e  and 

b a s a l t .  

Us ing 

These t w o  should agree s i n c e  t h e  parameters 

F ig .  3 shows p l o t s  o f  the neut ron  d e n s i t y  versus depth, as p r e d i c t e d  

b y  Eq.(g). The p h y s i c a l  parameters a r e  t h e  same as f o r  F ig .  2. No va lues  

o f  C or r a r e  given, as these a r e  conta ined i n  f a c t o r s  which s i m p l y  s c a l e  

t h e  neut ron  d e n s i t y  i n s o f a r  as z-dependence i s  concerned. What i s  p l o t t e d  

i n  F ig .  3 i s  t h e  f u n c t i o n  

a 

The t w o  curves shown a r e  for  0 and 1000 psec de lay  t imes.  Note t h a t  t h e  

v a l u e  o f  z corresponding t o  maximum d e n s i t y  s h i f t s  f rom about 46 cm a t  

t = 0 t o  about 57 cm for  t = 1000 Psec. Such a behav io r  r e f l e c t s  t h e  

gradual  d i f f u s i o n  w i t h  t ime o f  t h e  thermal neutrons deeper i n t o  t h e  med- 

ium. The shape o f  e i t h e r  curve and t h e  p o s i t i o n  o f  the  maximum a r e  i n  
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q u a l i t a t i v e  agreement w i t h  the r e s u l t s  o b t a i n e d  f r o m  a one-dimensional, 

s teady-state,  m u l t i - g r o u p  c a l c u l a t i o n  c a r r i e d  o u t  a t  t h e  I l l i n o i s  I n s t i -  

t u t e  o f  Technology Research I n s t i t u t e .  
6 

Having d iscussed t h e o r e t i c a l  p r e d i c t i o n s  f o r  thermal neu‘tron d i e -  

away, we t u r n  t o  t h e  same problem for  c a p t u r e  gamma rays. 

a gamma-ray de tec tor ,  which i s  b iased so t h a t  the  o n l y  gamma rays above 

some t h r e s h o l d  energy E can be counted, i s  l o c a t e d  a t  (ro,zo). 

measured die-away w i l l  be p r o p o r t i o n a l  t o  n ( r  t), where 

Assume t h a t  

The 

y OJZO’ 

and 

c = space-dependent macroscopic a b s o r p t i o n  c r o s s  s e c t i o n  f o r  t h e  a i  
i ’ t h  type  nucleus, 

fi(r,z,E.) = energy spectrum o f  monoenergetic c a p t u r e  gamma rays E 
J j 

produced f rom t h e  i ’ t h  type  nucleus c a p t u r i n g  a neut ron  a t  

, 

F(r,z,ro,zo;Ej) = r e l a t i v e  chance t h a t  a gamma r a y  o f  energy E. which 
1 

i s  produced a t  ( r , z )  w i  1 1  get counted by the  d e t e c t o r  a t  (ro,zo) 

I n  Eq. (12) t h e  sum on i extends over  t h e  v a r i o u s  nuc lear  species pres- 

ent, and t h e  sum on j extends o v e r  t h e  d i s c r e t e  c a p t u r e  gamma-ray spec- 

t rum c h a r a c t e r i s t i c  o f  each nuc lear  type. 

I f  n(r,z,t) i s  separable, i .e. 

then we would have t h a t  

n (ro,zo,t) = cons tan t  x T ( t ) ,  
Y 
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and t h e  die-away curves as measured by a n e u t r m  and a gamma-ray de- 

t e c t o r  a t  a g i v e n  l o c a t i o n  would be equal t o  w i t h i n  a m u l t i p l i c a t i v e  

cons tan t .  I n  t h e  case of a s e m i - i n f i n i t e  medium, i f  Eq.(g) i s  even 

q u a l i t a t i v e l y  c o r r e c t ,  we see from the  above a n a l y s i s  t h a t  i d e n t i c a l  

die-away curves would n o t  be expected f r o m  t h e  t w o  types o f  d e t e c t o r .  

The c o n t r a s t  between neutron and gamma-ray die-away curves i s  il- 

l u s t r a t e d  i n  t h e  paper by M i l l s  -- e t  a l .7  

compare t h e  two types of  die-away i n  a model c o n s i s t i n g  o f  a l imestone 

l a t t i c e  of  5% p o r o s i t y  w i t h  f r e s h  water  f i l l i n g  t h e  l a t t i c e .  A 7 - i n  

d iameter  h o l e  runs through the model p a r a l l e l  t o  t h e  l a t t i c e  rods. 

Data a r e  shown f o r  f resh  water and f o r  9% s a l t  water  f i l l i n g  t h e  hole, 

w i t h  t h e  d e t e c t o r  i n  each case c o a x i a l  w i t h  t h e  hole.  The gamma-ray 

die-away curves for t h e  t w o  f l u i d s  a r e  p r a c t i c a l l y  i d e n t i c a l ,  where- 

as t h e  neut ron  curves a r e  q u i t e  d i f f e r e n t  u n t i l  a t i m e  d e l a y  o f  about 

1500 psec, f o l l o w i n g  which these curves become equal. T h i s  d i f f e r e n c e  

i n  neut ron  and gamma-ray die-away curves i s  o b v i o u s l y  impor tan t  and 

w i l l  be r e f e r r e d  t o  subsequent ly i n  our  d iscuss ions  o f  t h e  exper imenta l  

r e s u l t s  o f  t h e  f e a s i b i l i t y  s tud ies .  

F igs.  4 and 5 o f  t h a t  paper 

A form o f  Eq.(12) has been used t o  e s t i m a t e  what s i z e  mock model i s  

needed i n  o r d e r  t o  be e f f e c t i v e l y  s e m i - i n f i n i t e  t o  w i t h i n  any g i v e n  

amount o f  e r r o r .  We assume t h a t  C . ( r ,z)  and fi(r,z,E.) a r e  constant ,  
a i  J 

and t h a t  F(r,z,ro,zo;Ej) i s  p r o p o r t i o n a l  t o  t h e  s o l i d  ang le  a t  t h e  de- 

t e c t o r .  I n  n e g l e c t i n g  gamma-ray a t t e n u a t i o n  due t o  s c a t t e r i n g  and ab- 

s o r p t i o n ,  we should o b t a i n  c o n s e r v a t i v e l y  l a r g e  es t imates  o f  model s izes .  

I f  t h e  d e t e c t o r  i s  assumed t o  be a t  some h e i g h t  h above t h e  e x t r a p o l a t e d  

s u r f a c e  and d i r e c t l y  over  the source ( r  

a m u l t i p l y i n g  cons tan t  t h e  gamma-ray c o u n t i n g  r a t e  w i l l  be 

= 0, zo = -h)>  then a p a r t  f rom 
0 

n(r,z,t) dV 
n = s  Y r 2 + (z+h) 2 
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The l i m i t s  of i n t e g r a t i o n  should be 0 t o  00 on r and d t o  00 on z f o r  

t h e  s e m i - i n f i n i t e  case. 

finiteness by w r i t i n g  n as 

We can approx imate ly  s tudy t h e  e f f e c t s  o f  

Y 
H R  

r d r d z  2 
n 

Y SM z=d s r=o s r*+(z+h) 

A paramet r ic  survey based on Eq.(14) was made. As H and R a r e  i n -  
00 creased, n approaches t h e  t r u e  s e m i - i n f i n i t e  v a l u e  n . Thus, f o r  

any v a l u e  of  t h e  " e f f e c t i v e  s e m i - i n f i n i t e n e s s "  r a t i o  n / n  O0, we can 

determine model r a d i u s  and he igh t .  Table 1 shows the  r e s u l t s  o f  c a l -  

c u l a t i o n s  f o r  a r o c k  t y p e  which i s  b a s i c a l l y  S i0  The va lues  o f  h 

and t were 40 cm and 500 psec. 

For each o f  these e i t h e r  R o r  H was s e t  equal t o  a v e r y  l a r g e  value, 

and t h e  r a t i o  n /n  c a l c u l a t e d  as a f u n c t i o n  o f  t h e  o t h e r  v a r i a b l e .  

From graphs o f  t h e  r a t i o ,  the va lues o f  R and H which a r e  needed t o  

y i e l d  a g i v e n  v a l u e  o f  t h e  r a t i o  may be determined. Table 1 shows 

t h e  va lues of model diameter D and h e i g h t  H for va lues o f  n / n  o f  

0.90, 0.95, 0.98, and 0.99. I t  should be emphasized here  aga in  t h a t  

these r e s u l t s  a r e  p robab ly  i n  e r r o r  on t h e  c o n s e r v a t i v e l y  l a r g e  s ide .  

Y Y 
Y Y  

2' 
Three va lues  o f  d e n s i t y  were used. 

00 

Y Y  

00 

Y Y  

The preceding a n a l y s i s  o f  thermal die-away can be extended to  e p i -  

thermal die-away by r e d e f i n i t i o n  o f  t h e  p h y s i c a l  parameters, The 

symbol ic age 0 becomes t h e  age t o  the  upper l i m i t  o f  t h e  r a t h e r  a r b i -  

t r a r y  ep i thermal  energy range. The d i f f u s i o n  c o e f f i c i e n t  D and t h e  

v e l o c i t y  v assume average values over  t h e  epi therrnal  range o f  energ ies.  

The thermal-neutron macroscopic a b s o r p t i o n  c ross  s e c t i o n  C i s  re -  

p laced by t h e  ep i thermal  removal c r o s s  s e c t i o n  C which i n c l u d e s  re-  

moval o f  neutrons f r o m  t h e  epi thermal  group by a b s o r p t i o n  and a l s o  

by l o s s  t o  t h e  thermal group by a d d i t i o n a l  s l o w i n g  down t o  thermal 

energ ies.  P r a c t i c a l l y  a l l  absorp t ion  c ross  s e c t i o n s  v a r y  as v 

there fore ,  t h e  a b s o r p t i o n  processes i n  t h e  ep i thermal  range would 

a 

R 

- 1  
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g e n e r a l l y  remove fewer neutrons than would moderat ing or s lowing  

down processes. 

e n t .  S ince hydrogen dominates t h e  s lowing  down process, t h e  removal 

c r o s s  s e c t i o n  should be very  s e n s i t i v e  to  the presence o f  water  even 

i n  smal l  q u a n t i t i e s .  Epi thermal die-away should then be a v e r y  sensi -  

t i v e  method f o r  de termin ing  t h e  presence o f  water  i n  a rock  m a t r i x .  

Our ep i thermal  measurements show t h i s  t o  be q u a l i t a t i v e l y  c o r r e c t  and 

a r e  discussed i n  a l a t e r  sec t ion .  

T h i s  would be p a r t i c u l a r l y  t r u e  i f  hydrogen was pres-  
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I 1 1 ,  INSTRUMENTATION FOR DIE-AWAY EXPERIMENTS 

A necessary f i r s t  t a s k  which had t o  be performed b e f o r e  a c t u a l  

die-away exper iments c o u l d  be c a r r i e d  o u t  was t h e  assembly o f  a 

s u i t a b l e  combinat ion of f a s t  n e u t r o n  source, f a s t  neut ron  a t t e n u a t o r ,  

and e i t h e r  gamma-ray or neutron d e t e c t o r .  

i s  t h e  most s u i t a b l e  source o f  1bMev neutrons because o f  i t s  r e l a t i v e  

ease o f  operat ion,  h i g h  r e l i a b i l i t y ,  and v e r s a t i l i t y .  An a d d i t i o n a l  

c o n s i d e r a t i o n  which i s  impor tant  fo r  pu lsed work i s  t h e  c a p a b i l i t y  o f  

a c h i e v i n g  r i s e  and f a l l  times on t h e  p r o d u c t i o n  b u r s t s  o f  about 1 psec 

or l e s s  w i t h o u t  any unusual equipment. As a s imp le  c a l c u l a t i o n  based 

on t h e  r e s u l t s  i n  Table 1 w i l l  show, s u i t a b l e  s e m i - i n f i n i t e  models 

would weigh severa l  tons a t  l e a s t .  The t a r g e t  tube and exper imenta l  

area o f  our  0.5-Mev Van de G r a a f f  a r e  over  a p i t  which i s  8 f e e t  deep 

and covered w i t h  t h i n  aluminum f l o o r i n g  which cannot suppor t  such a 

weight .  

i n  an area remote from t h e  Van de Graaf f ,  and t h i s  d i c t a t e d  t h e  use 

of a p o r t a b l e  neut ron  source. 

A Van de G r a a f f  generator  

I t  was, there fore ,  necessary f rom t h e  beg inn ing  t h a t  we work 

The source most convenient f o r  us was a P h i l i p s  Model 18600 neu- 

t r o n  tube w i t h  assoc ia ted  c o n t r o l s  and supp l ies .  T h i s  pu lsed source 

of 1bMev neutrons has a wide range o f  b u r s t  w i d t h s  ( 5  psec minimum) 
and r e p e t i t i o n  rates,  w i t h  a maximum average o u t p u t  o f  10 7 neutrons/  

sec. A drawing of t h e  tube i s  shown i n  F ig .  4. The l e n g t h  o f  t h e  

grounded housing i s  46 cm and i t s  d iameter  i s  7 cm. 

meter (2.5 cm) h i g h  v o l t a g e  c a b l e  p revents  c l o s e  placement o f  an a t -  

t e n u a t o r  and d e t e c t o r  i n  a c o a x i a l  c o n f i g u r a t i o n  a t  t h e  h i g h  v o l t a g e  

end of  t h e  tube. A l l o w i n g  f o r  an a t t e n u a t o r  l e n g t h  o f  15 cm, t h e  

c l o s e s t  t a r g e t - d e t e c t o r  spacing o b t a i n a b l e  a t  t h e  l o w  v o l t a g e  end o f  

t h e  tube i n  a c o a x i a l  a l ignment i s  about 50 cm. Since spacings as 

c l o s e  as 25 cm were des i  rable, we decided t o  use a 

w i t h  t h e  neut ron  tube forming the  bar  and t h e  a t t e n u a t o r  and d e t e c t o r  

fo rming  t h e  stem. 

The l a r g e  d i a -  

c o n f i g u r a t i o n  
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The INTI1 c o n f i g u r a t i o n  was used to  make t h e  die-away measurement 

d iscussed i n  t h e  paper b y  Caldwell  e t  a l ' .  

i s  t h a t  o f  d e t e c t o r  d i s tu rbance  due t o  x- rays produced a t  t h e  l o w  

v o l t a g e  end o f  t h e  P h i l i p s  tube, produced by  e l e c t r o n s  backst reaming 

i n  t h e  a c c e l e r a t i n g  f i e l d .  The source o f  x- rays i s  o u t s i d e  t h e  shadow 

o f  t h e  f a s t  neu t ron  a t tenuator ,  so some e x t r a  s h i e l d i n g  i s  requ i red .  

Several t e s t s  were performed r e l a t e d  t o  t h e  x - ray  e f f e c t .  A t  a t a r g e t  

p o t e n t i a l  o f  100 kv, z e r o  r e p l e n i s h e r  cu r ren t ,  and ze ro  i o n  probe 

vo l tage,  a p u l s e  h e i g h t  spectrum was ob ta ined.  Th is  spectrum e x h i b i t s  

a shape c h a r a c t e r i s t i c  o f  Bremsstrahlung r a d i a t i o n  w i t h  a peak a t  about 

A problem which e x i s t s  -- 

60 kev 

t i a l s ,  

i n g  t h  

tube, 

determ 

A s e r i e s  o f  runs was taken f o r  d i f f e r e n t  a c c e l e r a t i n g  poten-  

w i t h  ze ro  rep len i she r  c u r r e n t  and probe vo l tage,  and fo r  vary -  

cknesses o f  Pb wrapped around t h e  l o w  v o l t a g e  end o f  t h e  P h i l i p s  

For each r u n  t h e  area under t h e  p u l s e  h e i g h t  d i s t r i b u t i o n  was 

ned as a measure o f  t h e  x - ray  i n t e n s i t y .  From these t e s t s  we 

determined tha t ,  f o r  an a c c e l e r a t i n g  p o t e n t i a l  o f  125 kv, a Pb th i ckness  

o f  5/1611 i s  needed fo r  complete s h i e l d i n g .  As a m a t t e r  o f  i n t e r e s t ,  

d u r i n g  t h e  above t e s t s  we found t h a t  t h e  no ise  l e v e l  o f  o u r  d e t e c t o r -  

a m p l i f i e r  system was below 5 kev. 

A second t ype  o f  s tudy c a r r i e d  o u t  p r i o r  t o  s e t t l i n g  on a f i n a l  

probe des ign  f o r  t h e  die-away s t u d i e s  was connected w i t h  t h e  cho ice  

o f  the  m a t e r i a l  fo r  t h e  f a s t  neut ron  a t t e n u a t o r .  Pb and Cu were com- 

p a r a t i v e l y  t e s t e d  by p l a c i n g  t h e  P h i l i p s  tube, a t tenua to r ,  and Nal 

c r y s t a l  i n  t h e  IITls c o n f i g u r a t i o n  on a conc re te  sur face .  Die-away runs 

were taken under the  f o l l o w i n g  c o n d i t i o n s :  5-psec beam burs t ,  400 

pulses/sec, 16 psec/channel, 122-kev and 1.33-Mev energy biases, 30- 

min  run  t ime. The average background counts  per  channel were ob ta ined  

f r o m  t h e  da ta  immediate ly  preceding t h e  b u r s t .  Th i s  may be seen i n  

F ig .  9 which shows t h e  die-away cu rve  f o r  t h e  case o f  Cu and t h e  122- 

kev b ias .  Th is  f i g u r e  w i l l  be d iscussed i n  more d e t a i l  i n  t h e  n e x t  

sec t i on .  The average background was c a l c u l a t e d  f rom t h e  raw da ta  i n  
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channels 2 through 21. I n  each case a t r u e  average background count  

p e r  channel was sub t rac ted  from t h e  observed average count  d u r i n g  a 

pu l sed  run. The t r u e  background was ob ta ined  from runs i d e n t i c a l  t o  

those descr ibed except t h a t  no neutrons were produced. For 122-kev 

b i a s  t h e  c o r r e c t e d  counts  were 571 and 744 counts/channel/30 min f o r  

Pb and Cu, r e s p e c t i v e l y .  The count  for  Cu i s  p o s s i b l y  g r e a t e r  than 

than for  Pb due t o  a n n i h i l a t i o n  r a d i a t i o n  produced as a r e s u l t  o f  t h e  

Cu (n2n)Cu (9.9 min) reac t i on .  Even though we f i n d  t h a t  Pb i s  a 

b e t t e r  a t t e n u a t o r  than Cu f o r  die-away, t h e  d i f f e r e n c e  i s  n o t  l a r g e  and 

we chose t o  use Cu i n  ou r  f e a s i b i l i t y  s t u d i e s  because i t  i s  p robab ly  

p r e f e r r e d  fo r  t h e  i n e l a s t i c  s c a t t e r i n g  p a r t  o f  t h e  combina t ion  neu t ron  

experiment. However, we w i l l  have reason t o  recons ide r  t h e  ques t i on  

o f  a s u i t a b l e  a t t e n u a t o r  when t h e  r e s u l t s  o f  p r e l i m i n a r y  c y c l i c  a c t i -  

v a t i o n  t e s t s  a r e  d iscussed i n  a l a t e r  sec t i on .  

63 62 

Fo l l ow ing  these p r e l i m i n a r y  experiments, a f i n a l  probe was as- 

sembled i n  an aluminum housing. An exploded v iew i s  shown i n  F ig .  5. 
A meter  s t i c k  i s  a t tached t o  t h e  housing near a s e r i e s  o f  l o n g i t u d i n a l  

s l o t s  th rough which a p o i n t e r  p ro t rudes  when the  d e t e c t o r  i s  i n  t h e  

housing. Th is  p o i n t e r  i s  a t tached t o  t h e  d e t e c t o r  system and t h e  p o s i -  

t i o n  o f  the  p o i n t e r  a long  the meter s t i c k  g i ves  a d i r e c t  measurement 

o f  t h e  t a r g e t - d e t e c t o r  spacing, 

ho lds  t h e  probe i n  a v e r t i c a l  p o s i t i o n  when requ i red ,  Unless o the r -  

w ise  s p e c i f i e d ,  a l l  gamma-ray die-away curves shown i n  t h i s  r e p o r t  

were taken w i t h  a 3" x 3" Nal (T I )  s c i n t i l l a t i o n  c r y s t a l  on an RCA 

8054 p h o t o m u l t i p l i e r  i n  a Harshaw i n t e g r a l  l i n e  assembly. S h i e l d i n g  

An aluminum t r i p o d ,  shown i n  F ig .  14, 

2 
from thermal neut rons  was prov ided by a l a y e r  o f  B ' O  about 380 mg/cm 

t h i c k  around the  c r y s t a l .  

i s  7.5%. A l l  neu t ron  die-away runs were ob ta ined  w i t h  a 10-atmosphere 

He p r o p o r t i o n a l  counter, made by Texas Nuclear  Corp., o f  a c t i v e  dimen- 

s ions  1 "  x 41. 

The measured r e s o l u t i o n  f o r  Cs137 gamma rays  

3 
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Energy c a l i b r a t i o n  f o r  t h e  gamma-ray spect rometer  was s e t  and 
f r e q u e n t l y  checked w i t h  Co 57 (122 kev), C ~ ' ~ ~ ( 6 6 2  kev), Na22(510 kev 

and 1.28 Mev), and Co6'(1.17 and 1.33 Mev). 

were determined by  a d j u s t i n g  t h e  s i z e  o f  pu lses  f rom a p u l s e r  f e d  i n t o  

t h e  a m p l i f i e r  so t h a t  t h e  ou tpu t  p u l s e  f rom t h e  a m p l i f i e r  f e l l  i n t o  

t h e  proper  channel i n  t h e  TMC pu l se  h e i g h t  analyzer ,  and then s e t t i n g  

t h e  i n t e g r a l  d i s c r i m i n a t o r  t o  j u s t  c u t  t h a t  s i z e  o f  p u l s e  o f f .  W i th  

the  He de tec tor ,  optimum opera t i ng  c o n d i t i o n s  were determined by  

runn ing  h i g h  v o l t a g e  p la teau curves  u s i n g  thermal ized  neutrons f rom 

a Pu-Be source. 

I n t e g r a l  b i a s  l e v e l s  

3 

Dur ing  t h e  f e a s i b i l i t y  s t u d i e s  repo r ted  here, i t  was n o t  f e l t  nec- 

essary  t o  a t tempt  an accurate measurement o f  t h e  neu t ron  ou tpu t  f r o m  

t h e  P h i l i p s  genera tor  for each run. Instead, t he  o u t p u t  was approx- 

imated each t ime  accord ing  t o  t h e  f o l l o w i n g  scheme. The ou tpu t  f o r  

any g i v e n  pu lsed run  depends on a c c e l e r a t i n g  vo l tage,  s i z e  o f  probe 

pulse, d u t y  cyc le ,  and t a r g e t  c u r r e n t .  The o u t p u t  i s  n o t  n e c e s s a r i l y  

d i r e c t l y  p r o p o r t i o n a l  t o  any o f  these. I t  was dec ided t o  adopt some 

standard genera tor  c o n d i t i o n s  f o r  t h e  die-away s t u d i e s  for  a l l  bu t  

one o f  t h e  parameters above, and v a r y  t h a t  one t o  o b t a i n  s u i t a b l e  

c o u n t i n g  r a t e s  for  each run. A f t e r  t r i a l  and e r r o r ,  some o f  which 

w i l l  become apparent  du r ing  t h e  course  o f  t h i s  repo r t ,  t h e  f o l l o w i n g  

s tandard c o n d i t i o n s  were adopted: 

PAR AM E TE R THERMAL DOE-AWAY EPITHERMAL D I  E-AWAY 

Probe p u l s e  (v) 2000 

Burs t  1 ength  (psec) 100 

Per iod  (Fsec) 5000 

Target  c u r r e n t  (pa) 8 

2000 

10 

2500 

1 

The a c c e l e r a t i n g  v o l t a g e  was v a r i a b l e  f rom run  t o  run. Us ing  t h e  

above o p e r a t i n g  parameters, curves  o f  o u t p u t  as a f u n c t i o n  o f  v o l t a g e  

were ob ta ined  by a s i l i c o n  a c t i v a t i o n  technique.  Quar tz  d i s c s  o f  
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1"  d i a .  and 3/1611 th i ckness  were a c t i v a t e d  a t  a known d i s t a n c e  f rom t h e  

t a r g e t  o f  t h e  Phi 1 i p s  tube i n  a "3-min bombard - 2-min wai t - 5-min count11 

c y c l e .  

i n  t h e  q u a r t z  was counted i n  an end-window Geiger  coun te r  u s i n g  a s tandard  

geometry. C a l i b r a t i o n  of n e u t r o n d B  count  was ob ta ined  f r o m  an i d e n t i c a l  

a c t i v a t i o n  run  c a r r i e d  o u t  on our 0.5-Mev Van de G r a a f f  which has an ab- 

28 The @ a c t i v i t y  produced b y  t h e  S i 2 8  (n,p) A1 (2.3 min) r e a c t i o n  

s o l u t e l y  c a l i b r a t e d  @ - p a r t i c l e  coun 

F ig .  6 shows a b l o c k  diagram o f  

used f o r  t h e  die-away measurements. 

used and these w i l l  be p o i n t e d  o u t .  

i p s  tube were c o n t r o l l e d  by a conso 

e r  v iew ing  the  t a r g e t .  

t h e  bas i c  e l e c t r o n i c  c o n f i g u r a t i o n  

Some v a r i a t i o n s  from t h i s  system were 

The o p e r a t i n g  c o n d i t i o n s  f o r  t h e  P h i l -  

e separated from t h e  tube by about 90 

f e e t  of cable.  The i n t e g r a l  mount Nal was plugged i n t o  a V ic to reen  Model 

PC-3 p r e a m p l i f i e r  and t h e  s igna l  f rom t h i s  was a m p l i f i e d  and d i s c r i m i n a t e d  

i n  a V i c t o r e e n  Model 851A a m p l i f i e r  (DD2 type) and Model 851-25 s i n g l e  

channel pu lse-he igh t  ana lyze r  shown as an i n t e g r a l  d i s c r i m i n a t o r  i n  F ig .  6. 
For  t h e  He3 runs t h e  PC-3 p r e a m p l i f i e r  was rep laced by  a Bai rd-Atomic 

Model 205 p r e a m p l i f i e r  which has p u l s e  shaping more s u i t a b l e  f o r  t h e  s lower  

He pulses.  The d i s c r i m i n a t o r  pu lses  were f e d  i n t o  t h e  S igna l  i n p u t  o f  

t h e  TMC t ime  ana lyze r  which cons is t s  o f  a Model C N l l O  u n i t  w i t h  a Model 211 

T ime-o f -F l i gh t  p l u g - i n .  The t ime-zero p u l s e  f rom t h e  P h i l i p s  p u l s e  genera- 

to r  serves as t h e  i npu t  t o  a phantas t ron  de lay  genera tor  whose o u t p u t  p u l s e  

i s  f e d  i n t o  t h e  T r i g g e r  i n p u t  o f  t he  211 u n i t  t o  i n i t i a t e  a t ime  a n a l y s i s  

c y c l e .  For  optimum die-away r e s u l t s  we found i t  necessary t o  ga te  t h e  PM 

tube o f f  d u r i n g  t h e  b u r s t  for the gamma-ray runs. T h i s  i s  achieved by ap- 

p l y i n g  a s u i t a b l e  s i g n a l  t o  the focus ing  g r i d  i n  t h e  tube. The s i g n a l  was 

generated i n  a PM-tube g a t i n g  c i r c u i t  t r i g g e r e d  a t  z e r o  t ime.  

3 

F ig .  7 shows a genera l i zed  t i m i n g  diagram f o r  t h e  die-away exper iments.  

Time z e r o  t r i g g e r  pu lses  a r e  separated by a p e r i o d  P o  Due t o  t h e  n a t u r e  

o f  o p e r a t i o n  o f  t h e  P h i l i p s  tube, a b u i l t - i n  de lay  o f  12 Clsec precedes t h e  

f a s t  neu t ron  b u r s t  o f  d u r a t i o n  B o  The p h o t o m u l t i p l i e r  tube i s  gated o f f  

a t  z e r o  t ime  and h e l d  o f f  for a d u r a t i o n  G .  I n  a l l  cases 
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The t r i g g e r  i n p u t  p u l s e  t o  the t i m e  ana lyzer  i s  generated a f t e r  a d e l a y  

D. T o t a l  a n a l y s i s  t i m e  i s  A, which i s  t h e  produc t  o f  t h e  channel w id th  

at and t h e  number of channels used. For a l l  die-away runs shown sub- 

sequent ly,  va lues of the  t i m i n g  parameters w i l l  be g iven i n  t h e  form 

(B,P,G,D,At). We p r e f e r  to g i v e  channel w i d t h  r a t h e r  than t o t a l  analy-  

s i s  time, s i n c e  t h e  former q u a n t i t y  i s  more u s e f u l .  
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I V .  EXPERIMENTAL DETERMINATION OF NECESSARY MODEL S I Z E S  

I n  o r d e r  t o  c a r r y  o u t  l a b o r a t o r y  die-away measurements which a r e  

a p p l i c a b l e  to  remote sur face a n a l y s i s  on t h e  moon or p lanets ,  i t  must 

be demonstrated t h a t  the  phys ica l  model be ing  used i s  e f f e c t i v e l y  a 

s e m i - i n f i n i t e  surface, to  w i t h i n  t h e  accuracy o f  t h e  method. There 

a r e  a t  l e a s t  two p r a c t i c a l  ways t o  determine e x p e r i m e n t a l l y  how b i g  

t h e  models must be. 

method, measurements a r e  f i r s t  made on a model which i s  known t o  be 

unders ize.  The s i z e  o f  t h e  model i s  i n c r e m e n t a l l y  increased and t h e  meas- 

urement repeated for each s ize .  A s u i t a b l e  parameter i s  e x t r a c t e d  from 

the  da ta  for  each case and p l o t t e d  aga ins t  a second parameter r e l a t e d  t o  

t h e  s i z e .  

meter must a s y m p t o t i c a l l y  approach the  v a l u e  f o r  a s e m i - i n f i n i t e  medium. 

Thus, a model s i z e  may be determined when a cho ice  i s  made o f  an accept-  

a b l e  d iscrepancy between t h e  measured parameter and i t s  asympto t ic  va lue.  

T h i s  procedure has t h e  disadvantage o f  be ing  r a t h e r  t e d i o u s  s i n c e  t h e  

model i s  b u i l t  up s t e p  by step. 

I n  t h e  f i r s t ,  which might  be c a l l e d  t h e  incrementa l  

Whatever t h e  shape o f  such a p l o t  may be, t h e  measured para- 

The second method, and the one used i n  t h e  die-away s tud ies,  might  

be c a l l e d  t h e  t r a v e r s e  method. A model i s  c o n s t r u c t e d  which i s  known t o  

be overs 

t a i n e d  f 

verse  i s  

each pos 

u remen t 

ze. Conservat ive est imates o f  t h e  necessary s i z e  may be ob- 

om approximate c a l c u l a t i o n s  l i k e  those i n  S e c t i o n  I I .  A t r a -  

run on t h e  sur face  a long a l i n e  c u t t i n g  t h e  model i n  h a l f .  A t  

t i o n  a long the  t r a v e r s e  where t h e  ins t rument  i s  placed, a meas- 

s made and a mappable parameter i s  e x t r a c t e d  from t h e  data.  

When va lues  o f  t h i s  parameter a r e  p l o t t e d  as a f u n c t i o n  o f  l o c a t i o n  a long 

t h e  t raverse,  one should observe a f l a t  i n t e r i o r  p o r t i o n  w i t h  d e v i a t i o n s  

toward bo th  ends o f  t h e  p l o t .  The e x i s t e n c e  o f  a f l a t  r e g i o n  i n  t h e  p l o t  

i s  evidence t h a t  t h e  model i s  e f f e c t i v e l y  s e m i - i n f i n i t e .  The l e n g t h  o f  

t h e  f l a t  p a r t  compared t o  t h e  l a t e r a l  p h y s i c a l  dimensions o f  t h e  model 

g i v e s  an i n d i c a t i o n  o f  t h e  minimum s i z e  model r e q u i r e d .  

An o v e r s i z e  model should be made up o f  a m a t e r i a l  which i s  as f r e e  o f  

hydrogen as p o s s i b l e .  Th is  i s  due t o  t h e  f a c t  t h a t  hydrogen tends t o  
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make t h e  s p a t i a l  neu t ron  d i s t r i b u t i o n  r e l a t i v e l y  narrow, r e s u l t i n g  i n  an 

u n f a i r l y  small  s e n s i t i v i t y  t o  t h e  model edge. I t  was dec ided t o  use d r y  

b r i c k s  as t h e  b u i l d i n g  m a t e r i a l  for t h e  model. 

a b l e  t o  us and cou ld  be e a s i l y  s tacked t o  form the  d e s i r e d  s i ze .  

These were r e a d i l y  a v a i l -  

From da ta  g i ven  i n  re ference tab les,  we es t imated t h a t  d r y  c l a y  
3 b r i c k s  would have a d e n s i t y  somewhere between 1.4 and 2 gm/cm . Since 

i t  i s  d e s i r a b l e  t o  have t h e  b r i c k  assembly on t h e  s a f e l y  l a r g e  s ize,  we 

assumed a d e n s i t y  o f  1.40. We used t h e  r e s u l t s  shown i n  Table 1 as a 

gu ide  i n  de termin ing  how b i g  t o  make the  b r i c k  model. A va lue  o f  n /n  

o f  0.95 was a r b i t r a r i l y  assumed, which g i v e s  a d iameter  o f  320 cm and a 

h e i g h t  o f  153 cm. Since we planned t o  assemble a p a r a l l e l e p i p e d  r a t h e r  

than a c y l i n d e r ,  t he  l a t e r a l  dimensions o f  t h e  model would be about 320 

cm. Thus, a b r i c k  pa ra l l e lep iped ,  approx imate ly  10 f e e t  on each s i d e  by 

5 f e e t  high, should adequate ly  represent  ou r  o v e r s i z e  su r face  model. 

A p a r a l l e l e p i p e d  o f  d r y  c l a y  b r i c k s  was assembled which measured 

11611 x 11611 x 65". Each b r i c k  was about 2.25" x 3.5'' x 7.5" and t h e  

assembly conta ined some 13,950 b r i c k s .  The b r i cks ,  ob ta ined  f rom t h e  

F e r r i s  B r i c k  Company a t  Fe r r i s ,  Texas,were removed f r o m  the  k i l n  o n l y  a 

few hours b e f o r e  d e l i v e r y  t o  us by  t ruck ,  thus a s s u r i n g  t h a t  t h e  b r i c k s  

were d ry .  The p a r a l l e l e p i p e d  was then assembled by l a y i n g  a l t e r n a t e  

l a y e r s  w i t h  t h e  l ong  dimension o f  each b r i c k  o r i e n t e d  nor th-south,  and 

a l t e r n a t e  l a y e r s  w i t h  east-west o r i e n t a t i o n .  S ince  t h e  dimensions o f  a 

b r i c k  were no t  s imp le  m u l t i p l e s  o f  each o ther ,  t h i s  method o f  s t a c k i n g  

insures  t h a t  t h e r e  were no long gaps runn ing  v e r t i c a l l y  th rough t h e  as- 

sembly. We es t ima te  t h e  average b u l k  d e n s i t y  o f  t h e  assembly as 1.71 

gm/cm . Th is  i s  based on t h e  weight  o f  an average b r i c k ,  t h e  t o t a l  num- 

be r  o f  b r i cks ,  and t h e  t o t a l  volume o f  t h e  model. 

00 

Y Y  

3 

A photograph o f  t h e  model i s  shown i n  F i g u r e  8 .  A m o i s t u r e  seal  

was formed by  an envelope of 6 - m i l  po l ye the lene  sheet ing .  The t o p  and 

bot tom o f  t h e  p a r a l l e l e p i p e d  were covered by  doub le  th icknesses .  V is -  

i b l e  i n  t h e  photograph i s  t h e  access s c a f f o l d  suspended ove r  t h e  assem- 
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b l y  t o  a l l o w  adjustment  and p o s i t i o n i n g  of  t he  probe on t h e  t o p  su r face  

w i t h o u t  hav ing  t o  c l i m b  or walk on t h e  model i t s e l f .  

es t ima te  o f  how much hydrogen i s  represented by  t h e  m o i s t u r e  seal  as -  1.- 

s0rni.n.g t h e  hydrogen conten t  of t h e  po lye the lene  t o  be d i s t r i b u t e d  through- 

We have made an 

o u t  t h e  s tack.  Th is  i s  0.005 we igh t  percent  o f  hydrogen, a v a l u e  low 

enough to  be acceptab le  t o  us. 

One o f  t h e  f i r s t  curves ob ta ined w i t h  the  die-away probe i s  shown i n  

Fig'.I-B. . A smal l  Nal de tec to r  was used because t h e  s tandard  3" x 3" 
d e t e c t o r  had n o t  y e t  been rece ived f rom t h e  s u p p l i e r .  The probe was 

p laced on a l a r g e  concre te  slab. T iming c o n d i t i o n s  were (5,2500,0,2180, 

16) i n  t h e  convent ion  of  Sec t ion  1 1 1 .  The c losed  c i r c l e s  show t h e  raw 

data, and t h e  open c i r c l e s  show t h e  raw da ta  minus an average background 

determined from channels 2 through 21. 

t h e  c o r r e c t e d  da ta  i s  mere ly  t o  normal ize  the  c o r r e c t e d  counts  t o  a con- 

v e n i e n t  p l o t t i n g  scale.  Channels 22, 23, and 24 a r e  d i s t o r t e d  due t o  

t h e  e f f e c t s  o f  t h e  prompt r a d i a t i o n  d u r i n g  t h e  burs t ,  and have been omi t ted .  

The c o r r e c t e d  cu rve  appears t o  be p u r e l y  exponent ia l  f rom about channel 45 
on. Our s tandard  da ta  ana lys i s  procedure f o r  p rev ious  die-away experiments 

has been t o  f i t  da ta  o f  t h i s  type  t o  t h e  form Ae'ht by u s i n g  a s t a t i s t i c a l -  

l y  weighted leas t -squares  method g i ven  by Behrens. F i t t i n g  the  da ta  

from channel 45 through 80 can be done w i t h  v e r y  smal l  u n c e r t a i n t y  and 

g i ves  a mean l i f e t i m e  T o f  243psec .  

asympto t ic  mean l i f e t i m e ,  i n  t h i s  case i s  e a s i l y  accomplished because t h e  

die-away i s  v i r t u a l l y  exponent ia l ,  and t h e  da ta  over  t h e  die-away p o r t i o n  

o f  t h e  cu rve  i s  much h ighe r  than t h e  background. 

fo r  t h e  case o f  t h e  He3 neutron d e t e c t o r .  

urements i s  t o  determine how b i g  t h e  models shou ld  be, then t o  a f i r s t  ap- 

p rox ima t ion  t h e  same r e s u l t s  should be ob ta ined  w i t h  e i t h e r  neut ron  or 

gamma- ray  d e t e c t  i o n  

The m u l t i p l y i n g  f a c t o r  o f  5 f o r  

8 

Measurement o f  a parameter, t h e  

The t r a v e r s e  measurements on the  b r i c k  assembly w i l l  be d iscussed f i r s t  

I f  t h e  s o l e  purpose o f  such meas- 
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A t y p i c a l  neu t ron  die-away curve  ob ta ined  on t h e  b r i c k  model i s  shown 

i n  F ig .  10. For t h i s  run  the  t a r g e t  o f  t h e  P h i l i p s  tube was 62 i n .  f rom 

t h e  re fe rence  edge of t h e  assembly, and t h e  c e n t e r  o f  t h e  a c t i v e  l e n g t h  

o f  t h e  He d e t e c t o r  was 72 i n .  f rom t h e  edge. The s o l i d  c i r c l e s  show t h e  

da ta  ob ta ined  w i t h  the  de tec to r  bare, and the  open c i r c l e s  show t h e  da ta  

taken w i t h  t h e  d e t e c t o r  covered by  1/32" o f  Cd. I n  b o t h  cases t h e  raw 

da ta  a r e  p l o t t e d  and normal ized a t  channel 23. Background i s  5 counts /  

channel f o r  t h e  bare  coun te r  run and e s s e n t i a l l y  z e r o  fo r  t h e  Cd-covered 

run. The t i m i n g  c o n d i t i o n s  were (10,2500,0,2180,16) f o r  bo th .  I t  i s  

c l e a r  t h a t  t h e  assumption of pure exponent ia l  decay i s  n o t  v a l i d  f o r  

channels e a r l i e r  than about channel 60. Beyond t h i s  p o i n t  t h e  s c a t t e r  

i n  t h e  da ta  i s  s u f f i c i e n t l y  bad t h a t  t he  assumption o f  exponent ia l  decay 

may be c o r r e c t  bu t  d i f f i c u l t  to s u b s t a n t i a t e .  I f  exponent ia l  decay i s  

assumed for channels beyond 60, and a decay cons tan t  A o r  mean l i f e t i m e  

T i s  determined by t h e  method o f  Behrens , t h e  r e l a t i v e  e r r o r  on t h e  

parameter would be l a r g e  due t o  t h e  s c a t t e r .  We d i d  i n  f a c t  t r y  t h i s ,  

b u t  t h e  r e s u l t s  were c l e a r l y  unmeaningful 

3 

8 

3 The Cd-covered He da ta  i n  F i g .  10 i n d i c a t e  a s u b s t a n t i a l  ep i thermal  

c o n t r i b u t i o n  t o  the  bare  counter  die-away cu rve  f r o m  channel 23 t o  about 

35. A n a l y s i s  o f  t h e  bare  counter  cu rve  ove r  t h e  r e g i o n  f rom channel 23 

t o  about 60 must t h e r e f o r e  i nc lude  a t  l e a s t  t w o  decay components. We 

w i l l  d i scuss  t h e  problem o f  data a n a l y s i s  i n  t h e  n e x t  s e c t i o n  and w i l l  

l eave  i t  he re  by  s t a t i n g  t h a t  a successfu l  da ta  smoothing technique has 

been developed which a l l o w s  emp i r i ca l  i n t e r p r e t a t i o n  o f  t h e  thermal neu- 

t r o n  and gamma-ray die-away data. 
3 

d e t e c t o r  i n  t h e  die-away probe. For a l l  runs t h e  t i m i n g  c o n d i t i o n s  were 

(10,2500,0,2180,16). I n  a l l  cases t h e  source-detec tor  o r i e n t a t i o n  was 

o p p o s i t e  t o  t h a t  shown i n  the  i n s e t  i n  F i g .  10, !.e. t h e  d e t e c t o r  was a l -  

ways toward t h e  reference edge o f  t h e  model f rom t h e  source. The source- 

d e t e c t o r  spac ing was 22.5 cm. The s o l i d  c i r c l e s  i n  F ig .  1 1  represent  runs 

F ig ,  1 1  shows a t r a v e r s e  made across t h e  b r i c k  assembly w i t h  t h e  He 
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where t h e  t a r g e t  o f  t h e  P h i l i p s  tube was l o c a t e d  a t  the  p l o t t e d  d i s t a n c e  

f r o m  t h e  re fe rence edge. The crosses a r e  runs where t h e  d e t e c t o r  was 

l o c a t e d  a t  t h e  p l o t t e d  d is tance.  The o r d i n a t e  i s  t h e  r a t i o  y(30)/y(60) 

wh ich  i s  t h e  r a t i o  a t  channels 30 and 60 o f  t h e  smooth approx imat ion  to  

t h e  data.  Th is  r a t i o  was one of t h r e e  parameters c a l c u l a t e d  and p l o t t e d ,  

t h e  o t h e r  t w o  b e i n g  

d l o g  ~ ( 4 0 )  and d l o g  y(t-oo) 
d t  d t  

The f i r s t  o f  t h e  above t w o  gave a p l o t  somewhat i n f e r i o r  t o  t h a t  o f  F ig .  

11, and the  second gave an unreasonable p l Q t .  I t  i s  perhaps n o t  unex- 

pec ted  t h a t  some t r i a l  and e r r o r  i s  necessary i n  f i n d i n g  a s u i t a b l e  para- 

meter  t o  p l o t .  The exact  shape o f  t h e  die-away curve  w i l l  undergo s u b t l e  

changes as a model edge i s  approached, and i n  ways which a r e  d i f f i c u l t  t o  

p r e d i c t  t h e o r e t i c a l l y .  

The e r r o r s  on the  p o i n t s  i n  F ig .  1 1  were o b t a i n e d  f r o m  t h e  express ion  

where t h e  0 ' s  a r e  t h e  r e l a t i v e  s t a t i s t i c a l  e r r o r s  i n  t h e  r a t i o  R, t h e  

counts  p e r  channe a t  30, and the counts  per  channel a t  60e The v a l u e  o f  

so ob ta ined i s  presumably an upper l i m i t  s i n c e  R i s  o b t a i n e d  from a O R  
smooth approximat on t o  t h e  data p o i n t s .  From t h e  da ta  i n  F ig .  1 1  we 

have es t imated t h a t  t h e  edge e f f e c t  extends inward about 25 i n .  from each 

s ide .  Thus, i f  we i n c l u d e  t h e  source-detector  spac ing o f  about 10 in., 

we conclude t h a t  for  d r y  b r i c k  a l a t e r a l  d imension o f  25" + 25" + lo", or 

60 in. would be necessary f o r  an e f f e c t i v e l y  s e m i - i n f i n i t e  model i f  t h e  

probe i s  p laced i n  t h e  center ,  

b r i c k  assembly, and analyzed l i k e  t h e  He3 runs. 

d i d  n o t  i n d i c a t e  t h e  expected shape as was o b t a i n e d  i n  F ig .  11, due t o  

A s e t  o f  gamma-ray die-away runs was taken on a t r a v e r s e  across t h e  

The bes t  t r a v e r s e  p l o t  
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excess ive  s c a t t e r  of t h e  p o i n t s .  We d i d  n o t  understand a t  t h e  t i m e  why 

these r e s u l t s  should be so bad and i n  f a c t ,  i t  was o n l y  a f t e r  o b t a i n i n g  

g a m a - r a y  die-away da ta  on t h e  o t h e r  models t h a t  t h e  reason became c l e a r .  

Look ing  fo rward  a b i t ,  we can understand t h i s  s i t u a t i o n  on t h e  b a s i s  o f  

F i g .  29. Shown here  a r e  die-away curves taken w i t h  122-kev b i a s  on crushed 

b a s a l t ,  s o l i d  g r a n i t e ,  t h e  b r i c k  assembly, crushed g r a n i t e ,  and carbonate.  

The d a t a  have been c o r r e c t e d  for  dead-t ime losses i n  t h e  t ime ana lyzer  

b u t  n o t  for background, t h e  amount o f  which can be judged by the  p o i n t s  

around channel 120. The s t a t i s t i c a l  q u a l i t y  o f  any parameter e x t r a c t e d  

f rom the  da ta  i s  determined by the  s i g n a l - t o - n o i s e  r a t i o  S /N  for  t h e  

channel or  channels a t  which the parameter i s  c a l c u l a t e d .  The S/N a t  any 

channel m i s  

Count (m) - Background 
Background S/N = 

We have taken channel 60 as r e p r e s e n t a t i v e  and have c a l c u l a t e d  t h e  S/N 
for  t h e  d a t a  i n  F ig .  29 which i s  l i s t e d  below: 

Model ( 60 

Crushed b a s a l t  1.17 

Carbonate 0.681 

Sol i d  g r a n i t e  0 458 

Crushed g r a n i t e  0 0 365 
B r i c k  0.153 

The S/N i s  determined p r i m a r i l y  by two p h y s i c a l  phenomena: 1) t h e  

number and energy o f  gamma-rays produced p e r  neut ron  c a p t u r e  and 2) t h e  

die-away r a t e .  

nex t  h i g h e s t  va lue.  From these r e s u l t s  i t  i s  perhaps n o t  unreasonable 

t h a t  we were n o t  successfu l  i n  o b t a i n i n g  a good gamma-ray t r a v e r s e  on t h e  

b r i c k  model. 

Note t h a t  t h e  S/N f o r  t h e  b r i c k  i s  l e s s  than h a l f  o f  t h e  



F i g .  12 shows t h e  r e s u l t s  o f  He3 t r a v e r s e  on a s o l i d  g r a n i t e  

b lock .  T h i s  model i s  8411 x 8411 x 48". The source-detector  spac ing 

was 25 cm and the  t i m i n g  c o n d i t i o n s  were (100,5000,0,4680,16). The 

c i r c l e s  and crosses have t h e  same meaning as i n  F i g .  11, and t h e  e r r o r s  

have been c a l c u l a t e d  i n  the  same way. The behav io r  o f  t h i s  p l o t  i s  

unusual i n  t h a t  t h e  d e v i a t i o n  as t h e  edge i s  approached i s  more d r a s t i c  

f o r  t h e  source near t h e  edge than fo r  the  d e t e c t o r .  Ye e s t i m a t e  from 

Fig.  12 t h a t  t h e  edge e f f e c t  extends i n  about 16 i n .  fo r  e i t h e r  case, 

I n c l u d i n g  a 10- in .  source-detector  spacing, we conclude t h a t  a l a t e r a l  

d imension o f  about 42- in .  would be e f f e c t i v e l y  s e m i - i n f i n i t e  f o r  dense 

g r a n i t e .  
I n  F ig .  13 we have p l o t t e d  t h e  minimum l a t e r a l  dimensions o b t a i n e d  

f rom t h e  t r a v e r s e  measurements on t h e  b r i c k  assembly and t h e  dense g r a n i t e  

versus the  r e s p e c t i v e  d e n s i t i e s  o f  1.71 and 2.63 gm/cm , P l o t t i n g  as a 

f u n c t i o n  o f  d e n s i t y  i s  somewhat a r b i t r a r y ,  b u t  i t  i s  p robab ly  t h e  s i n g l e  

p h y s i c a l  parameter which most i n f l u e n c e s  t h e  model s i z e  needed. T h i s  

two-point  p l o t  i s  regarded as o n l y  an e m p i r i c a l  gu ide i n  d e t e r m i n i n g  nec- 

essary model s i z e s .  

3 



V .  DATA ANALYSIS METHODS 

Die-away da ta  ob ta ined  w i t h  t h e  TMC CN110 computer and Model 211 

T ime-o f -F l i gh t  l o g i c  must be c o r r e c t e d  fo r  dead-t ime losses  i n  t h e  sys- 

tem. The dead t ime  mechanism i n  t h e  t ime  ana lyze r  i s  such t h a t  t h e  

dead t ime  i s  n o t  cons tan t  b u t  has an average v a l u e  o f  (16 + 3 At)  psec 

when a channel w i d t h  o f  At psec i s  used. A s t a t i s t i c a l  t rea tment  o f  t h e  

l o s s  problem has y i e l d e d  t h e  f o l l o w i n g  c o r r e c t i o n  formula7: 

where 

CAn = l o s s - c o r r e c t e d  count i n  channel n, 

T = number o f  a n a l y s i s  c y c l e s  i n  a run, 

Cn = raw count i n  channel n. 

For  t h e  case o f  16-psec channels, w i t h  which most o f  t h e  d a t a  i n  t h i s  

r e p o r t  were taken, t h e  c o r r e c t i o n  fo rmula  becomes 

C!. 
CAn = - T  log, ( 1 - T - C ~  n- 1 ) 

3 The dead t ime  o f  b o t h  t h e  Nal and He d e t e c t o r s  i s  l e s s  than t h a t  o f  t h e  

t ime  ana lyze r  so t h a t  t h e  CA represent  t h e  counts  which would be ob ta ined  

w i t h  a system hav ing  z e r o  dead t ime.  
n 

We now d i scuss  a n a l y s i s  o f  l oss -co r rec ted  da ta  such as t h a t  shown i n  

F igs .  9 and 10. These da ta  i nc lude  a background which i s  independent 

of t i m e  when compared t o  the  a n a l y s i s  c y c l e  t ime,  Th is  background i s  

measured i n  t h e  e a r l y  channels p reced ing  t h e  b u r s t ,  An average background 

A 
- 

i s  ob ta ined  from these channels by 
0 
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where P and Q a r e  s u i t a b l e  e a r l y  channels. The loss -  and background- 

c o r r e c t e d  counts CC a r e  g i ven  by n 

- 
CCn = CAn - A. 

The i d e a l  da ta  a n a l y s i s  scheme should proceed as f o l l o w s .  A t h e o r e t i c a l  

express ion  i s  ob ta ined  f o r  t h e  response o f  e i t h e r  t h e  Nal c r y s t a l ,  o r  

t h e  bare  or Cd-covered He d e t e c t o r .  For a g i v e n  case l e t  t h i s  be y 

where 

3 
n' 

C and D a r e  the  thermal-neutron macroscopic a b s o r p t i o n  c ross  s e c t i o n  

and d i f f u s i o n  c o e f f i c i e n t ,  and p 

f a s t - n e u t r o n  parameters. I n  w r i t i n g  Eq.(18) i n  t h i s  f u n c t i o n a l  form, we 

a r e  assuming t h a t  Eq.(5) i s  b a s i c a l l y  c o r r e c t ,  t h e  o n l y  problem be ing  

t h a t  o f  a c o r r e c t  source c o n d i t i o n .  A best  f i t  i s  sought over a s u i t a b l e  

p o r t i o n  o f  t he  die-away cu rve  o f  yn t o  t h e  da ta  CC,. 

t h e  sum 

a 
through pm a r e  m ep i thermal -neut ron  and 1 

Thus we might  form 

Y 

s = 7 ( yn - C C J 2  w n 
I 

n=x 

where the  w a r e  w e i g h t i n g  f a c t o r s .  Then the  va lues  o f  t h e  neut ron  para- 

meters which y i e l d  t h e  best  f i t  i n  a l e a s t  squares sense would be ob ta ined  

from t h e  s o l u t i o n  o f  t h e  f o l l o w i n g  s e t  of  equat ions:  

n 

From a comparison o f  t he  shape o f  t he  t h e o r e t i c a l  curves i n  F ig .  2 and the  
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da ta  i n  F ig .  10, i t  seems c l e a r  t h a t  t he  f u n c t i o n a l  form g i ven  i n  

Eq.(9)  would no t  g i v e  a s u i t a b l e  f i t  t o  t h e  neu t ron  die-away. There- 

f o r e  some method o t h e r  than the i d e a l  a n a l y s i s  scheme must be used. 

An a l t e r n a t i v e  t o  t h e  scheme above i s  t o  c o n s t r u c t  an e m p i r i c a l  

c a l i b r a t i o n  cu rve  f o r  t h e  die-away method by u s i n g  t h e  exper imenta l  

r e s u l t s  from severa l  models. Th is  i s  t h e  procedure f o l l o w e d  i n  t h e  

work repo r ted  here. I n  such an e m p i r i c a l  approach, two problems must 

be solved. F i r s t ,  some da ta  smoothing o r  averag ing  procedure i s  needed 

t o  reduce t h e  s t a t i s t i c a l  s c a t t e r  i n  t h e  po in t -by -po in t  decay curve .  

Second, some s u i t a b l e  parameter must be found which can be e x t r a c t e d  

from t h e  smooth approx imat ion  and p l o t t e d  i n  a c a l i b r a t i o n  curve.  

second problem has a l ready  been touched upon i n  t h e  d i s c u s s i o n  on t h e  

t r a v e r s e  r e s u l t s .  We now d iscuss  t h e  f i r s t  problem. 

The 

The problem of da ta  smoothing, or c o r r e c t l y  speaking i n t e r p o l a t i o n ,  

has many s o l u t i o n s .  

f i t t i n g  t o  almost a l l  da ta  po in ts .  Furthermore t h e  cho ices  o f  f u n c t i o n a l  

form a r e  l i t e r a l l y  i n f i n i t e  i n  number. We decided t o  a t tempt  smoothing 

ove r  e s s e n t i a l l y  a l l  o f  t h e  usable die-away. The cho ice  o f  f u n c t i o n a l  

fo rm was guided somewhat by the da ta  i n  F i g .  10. S ince t h e  bare  He 

coun te r  sees a t  l e a s t  what the same coun te r  sees when i t  i s  Cd covered, 

t h e  bare  coun te r  decay cu rve  must i n c l u d e  a component for  ep i thermal  d i e -  

away. When t h i s  component, which i s  p r o p o r t i o n a l  t o  t h e  o p e n - c i r c l e  da ta  

i n  F ig .  10, i s  approx imate ly  s t r i p p e d  f rom t h e  s o l i d - c i r c l e  data, a t  

l e a s t  t w o  decay components appear t o  remain. Therefore, a reasonable 

t r i a l  cho ice  o f  t h e  f u n c t i o n a l  f o r m  i s  

One can do l o c a l  f i t t i n g  t o  a few p o i n t s  or o v e r a l l  

3 

where t h e  decay cons tan ts  have u n i t s  o f  i nve rse  channels r a t h e r  than i n -  

ve rse  t ime.  I t  should be s t a t e d  t h a t  t h e  use o f  t h i s  f u n c t i o n a l  fo rm 

does n o t  imp ly  e i t h e r  t h a t  i t  i s  t h e  f o f  Eq.(18), or t h a t  t h r e e  s p a t i a l  

modes e x i s t  i n  t h e  neu t ron  d i s t r i b u t i o n .  Th is  form i s  t o  be regarded 
n 
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o n l y  as conven 

i s  a t tached  t o  

en t  and hopefu 

t h e  parameters 

l y  adequate. L i t t l e  phys c a l  s i g n i f i c a n c e  

i n  Eq.(21). 

I n  o r d e r  t o  determine va lues o f  t h e  parameters which g i v e  a bes t  f i t  

t o  t h e  da ta  i n  t h e  l e a s t  squares sense, we form t h e  sum S i n  Eq.(lg), and 

t r y  t o  min imize  S w i t h  respec t  t o  A 1, A2, A3, hl,A2,h3. The f i r s t  m i n i -  

m i z i n g  technique which we t r i e d  was based on an I B M  Share program c a l l e d  

“Non-Linear Leas t  Squares Parameter Es t ima t ion  Program”. I n  t h i s  r o u t i n e  

a s e t  o f  i n p u t  guesses for  t h e  s i x  parameters i s  used t o  c a l c u l a t e  a be- 

g i n n i n g  va lue  f o r  S. From t h i s  v a l u e  a l o c a l  minimum o f  t h e  su r face  S 
i n  t h e  s ix-parameter  space i s  sought by changing t h e  va lues  o f  t h e  para- 

meters and c a l c u l a t i n g  S a t  each s tep .  The i t e r a t i o n  process s tops  when 

a p rese t  convergence c r i t e r i o n  i s  s a t i s f i e d .  Resu l ts  o f  f i t t i n g  w i t h  

t h i s  r o u t i n e  a r e  n o t  shown because i t  soon became apparent t h a t  some ser -  

i ous  d i f f i c u l t i e s  e x i s t e d .  I n  severa l  cases, some reasonable i n p u t  

guesses r e s u l t e d  i n  a smooth curve  f i t  which was q u i t e  unreasonable. A l s o  

i n  severa l  cases t h e  convergence c r i t e r i o n ,  which was no t  s t r i c t ,  was 

not met. C a l c u l a t i o n s  stopped o n l y  a f t e r  an a l lowed r u n  t ime  had elapsed, 

and more than a hundred i t e r a t i o n s  had been performed. 

A second f i t t i n g  method t r i e d  was based on a paper by A igner  and 

Flamm . The method i s  n o n - i t e r a t i v e ,  so no i n p u t  guesses a r e  requ i red .  

The f u n c t i o n  S i s  min imized i n  a un ique way by pe r fo rm ing  success i ve l y  

t w o  l i n e a r  l e a s t  squares f i t s ,  The f i r s t  i nvo l ves  o n l y  x x and x 1 ’  2’ 
A2, and A The o n l y  where x = , and the  second i nvolves o n l y  A 

r e s t r i c t i o n  on t h e  method i s  t h a t  t h e  da ta  p o i n t s  be e q u a l l y  spaced i n  

time, which i s  t h e  case f o r  data f rom a mu l t i channe l  t i m e  ana lyze r .  I n  

o r d e r  t o  t e s t  t h e  method, an exact t e s t  case was prepared and t h e  method 

a p p l i e d  t o  i t .  I t  was found t h a t  t h e  va lues  o f  x 

u s u a l l y  s e n s i t i v e  t o  t h e  accuracy o f  t he  a r i t h m e t i c  o p e r a t i o n s  per formed 

d u r i n g  t h e  c a l c u l a t i o n .  When t h e  method was a p p l i e d  t o  severa l  r e a l  

cases, i n  each ins tance  one of t h e  s e t  x , >  x2, x3 came o u t  nega t i ve .  

T h i s  i s  p h y s i c a l l y  un rea l  i n  terms o f  t h e  va lue  o f  A i t  would brpply. 

9 

3’ 
1 ’  3 ’  i 

and x were un- B 9  x2.’ 3 
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Th is  nega t i ve  va lue  o f  x a l s o  caused t h e  cor respond ing  c o e f f i c i e n t  A 

t o  be zero, thus comple te ly  e l i m i n a t i n g  one o f  t he  terms i n  yn. 

t h a t  o f  A igner  and Flamm, i s  n o n - i t e r a t i v e .  

p o i n t s  a r e  s e t  equal t o  t h e i r  t h e o r e t i c a l  e x p e c t a t i o n  values based on 

a g i ven  number o f  exponent ia ls .  Th i s  g ives  a determined s e t  o f  equa- 

t i o n s  which can be so lved f o r  t h e  q u a n t i t i e s  x 

f o r  t he  case o f  t h r e e  exponent ia ls .  = e -ui, where K i s  a 

p o s i t i v e  i n t e g e r  depending on t h e  t o t a l  number o f  da ta  p o i n t s  t o  be 

f i t .  When C o r n e l l ' s  method was a p p l i e d  t o  the  prepared exac t  t e s t  case, 

i t  gave t h e  c o r r e c t  values f o r  a l l  t h e  parameters w i t h o u t  any i n d i c a t i o n  

o f  undue s e n s i t i v i t y  t o  a r i t h m e t i c  accuracy.  However, when t h e  method 

was a p p l i e d  t o  severa l  r e a l  cases, we aga in  ob ta ined  one nega t i ve  v a l u e  

among the  s e t  xl, x2, x3, and thus a meaningless v a l u e  f o r  t h e  c o r r e -  

sponding X .  

A t h i r d  method we t r i e d  was t h a t  o f  Corne l l " .  Th is  method, l i k e  

Sums over  successive da ta  

1 > x2J '3 and 9 A3 
Here, x i 

Apparent ly  t h e  d i f f i c u l t y  l i e s  i n  t h e  f a c t  t h a t  these n o n - i t e r a t  
- X i  - K A i  

methods a r e  q u i t e  capable o f  g i v i n g  unusable va lues  o f  e 

when t h e  da ta  cannot t r u l y  be represented by a sum o f  exponen t ia l s .  

i t e r a t i v e  methods where one begins w i t h  a form c o n s i s t i n g  o f  a sum o 

ponen t ia l s ,  i t  i s  no t  p o s s i b l e  f o r  t he  parameter va lues  t o  ever get  

unphys ica l  domains. 

o r  e 

ve 

I n  

ex- 

n t o  

The method which we have used f o r  a n a l y s i s  o f  a l l  da ta  shown i n  t h i s  

r e p o r t  i s  an i t e r a t i v e  scheme c a l l e d  GAUSHAUS. l1 

Share program i n  t h a t  i n p u t  guesses f o r  t he  f u n c t i o n  parameters a r e  re -  

q u i r e d  t o  o b t a i n  the i n i t i a l  va lue  o f  s. I n  GAUSHAUS, one o f  two con- 

vergence c r i t e r i a  can be selected, t he  f i r s t  based on the  r e l a t i v e  change 

i n  S from t h e  i ' t h  t o  t h e  ( i  t 1) i t e r a t i o n ,  and the  second based on t h e  

r e l a t i v e  change of each parameter f rom t h e  i l t h  t o  t h e  ( i  + 1) i t e r a t i o n .  

We have so f a r  used o n l y  t h e  c r i t e r i o n  based on S.  Throughout o u r  use o f  

GAUSHAUS, t h e  we igh t i ng  f a c t o r s  wn w e r e  s e t  equal t o  u n i t y .  Several  exam- 

p l e s  o f  the a p p l i c a t i o n  of GAUSHAUS t o  die-away da ta  a r e  g i ven  i n  t h i s  re -  

p o r t .  We have found the  program t o  be s a t i s f a c t o r y  as a da ta  smoothing 

technique. Good f i t s  w e r e  ob ta ined i n  a l l  cases a f t e r  a reasonable number 

of  i t e r a t i o n s ,  and the  average run  t ime  per  case on a CDC 1604 computer was 

j u s t  over  one minute.  

I t  i s  l i k e  t h e  IBM 
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V i .  PHYSICAL AND CHEMICAL PROPERTIES OF ROCK MODELS 

I n  t h i s  s e c t i o n  we w i l l  summarize t h e  p e r t i n e n t  p r o p e r t i e s  o f  a l l  

t h e  rock  models which were used i n  t h e  die-away s tud ies .  Th is  separate 

summary avo ids  t h e  n e c e s s i t y  o f  i n t e r r u p t i n g  t h e  subsequent d i scuss ions  

on  t h e  r e s u l t s  o f  t h e  die-away experiment. We l i s t  below some o f  t h e  

da ta  on t h e  f i v e  models: 

B r i c k  Assembly: 

Source: F e r r i s  B r i c k  Company 

Type: F e r r i s  Common P i n k  

Dimensions: 116" x 11611 x 65" 
3 Gross dens i t y :  1.71 gm/cm 

F e r r i s ,  Texas 

S o l i d  Grani te :  

P.O. Box Q 
Marb le F a l l s ,  Texas 78654 

Source: Texas Gran i te  Corpo ra t i on  

Type: Texas Roc kv  i 1 1 e 

Dimensions: 8411 x 8411 x 4811 
3 Gross d e n s i t y :  2.63 gm/cm 

Crushed Gran i te :  

Source: B i l b rough  Marb le  Company 
Burnet  , Texas 

Type: Burnet  Red, Grade No. 1 

Dimensions: l l 7 I 1  d i a .  x 69" h e i g h t  
5 Gross d e n s i t y :  1.42 gm/cm 

Crushed Basal t :  

Source: Trap Rock P l a n t  
Knippa, Texas 
c /o  T r i n i t y  Concrete Products  
P.O. Box 21025 
D a l l  as, Texas 

Type: Knippa, i n c h  - 20 mesh 

Dimensions: l l 7 I 1  d i a .  x 6911 h e i g h t  

Gross dens i t y :  1.62 gm/cm 3 
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Crushed Carbonate: 

Source: B i  lb rough Marble Co. 

Type: Demarco Black, Grade No. 1 

Dimensions: 117" d ia .  x 69" h e i g h t  

Gross Densi ty :  1.31 gm/cm 

Burnet, Texas 

3 

The d e n s i t y  o f  t h e  b r i x k  assembly was determined by o b t a i n i n g  an 

average we igh t  per  b r i c k  f rom severa l  b r i c k s ,  m u l t i p l y i n g  t h i s  aver-  

age by t h e  t o t a l  number of  b r i c k s  and d i v i d i n g  by t h e  o v e r a l l  volume 

o f  t h e  assembly. The d e n s i t y  o f  Texas R o c k v i l l e  has been measured 

severa l  t imes by v a r i o u s  people and i s  a w e l l - e s t a b l i s h e d  p r o p e r t y .  

The d e n s i t y  o f  t h e  t h r e e  crushed rock  models was determined by re- 

peated measurements o f  weight and volume o f  smal l  samples ( - 5 ga l )  

o f  r e g u l a r  geometr ic shape. 

We have a l r e a d y  d iscussed t h e  b r i c k  model shown i n  F i g .  8. F ig .  

14 shows t h e  s o l i d  g r a n i t e  model w i t h  the  die-away probe p laced on 

i t  i n  t h e  v e r t i c a l  o r i e n t a t i o n .  F i g .  15 shows one o f  t h e  crushed 

r o c k  models, each o f  which looks t h e  same. The crushed r o c k  i s  com- 

p l e t e l y  enclosed by 6 - m i l  po lye the lene sheet and i s  con ta ined i n  a 

t h i n  cor rugated  s t e e l  tank.  F ig .  16 shows t h e  l a y e r e d  model which 

c o n s i s t s  o f  crushed g r a n i t e  rock conta ined i n s i d e  a t h i n  cor rugated  

s t e e l  band which has no bottom, and which i s  p laced on t h e  s o l i d  

g r a n i t e  model. No po lye the lene i s  used around t h e  crushed r o c k  i n  

t h i s  case. F ig .  17 shows the crushed b a s a l t  model where t h e  p o l y -  

e the lene has been s l i t  open and l a i d  back so t h a t  an i r r e g u l a r  sur-  

face  f e a t u r e  - i n  t h i s  case a c r a t e r  - c o u l d  be formed. The arrange- 

ment shown, wherein t h e  die-away probe spans t h e  c r a t e r  and i s  p a r a l l e l  

t o  t h e  und is tu rbed surface, i s  c a l l e d  i r r e g u l a r i t y  I tAt1.  

Chemical analyses were performed on a l l  r o c k  samples by t w o  com- 

m e r c i a l  a n a l y t i c a l  l a b o r a t o r i e s .  These a r e  Spectrochemical  Labora- 

t o r i e s ,  Inc., 8350 Frankstown Ave., P i t t s b u r g h ,  Pennsylvania 15221, 
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c a l  Laborator ies,  Inc., 1142 Howard S t . ,  San Franc isco,  

03. A comparison o f  t h e  r e s u l t s  i s  shown i n  Tab le  2, 

where t h e  upper se t  o f  f i g u r e s  i s  t h e  we igh t  percent  repo r ted  by 

Spectrochemical and the  lower s e t  i s  f rom M e t a l l u r g i c a l .  The methods 

o f  r e p o r t i n g  a r e  t h e  same except t h a t  M e t a l l u r g i c a l  t r e a t s  a l l  Fe as 

Feq03. Agreement between the  t w o  i s  f a i r l y  good w i t h  the  excep t ion  

o f  L i  0, where d i f f e r e n c e s  of t w o  o rde rs  o f  magnitude e x i s t .  I f  we 2 
were concerned w i t h  f a s t  neut ron  phenomena, t h i s  d i f f e r e n c e  would be 

annoying b u t  n o t  so impor tant .  However, s i n c e  we measure thermal 

neu t ron  die-away, and L i  has a r e l a t i v e l y  l a r g e  thermal neu t ron  cap- 

t u r e  c ross  sec t ion ,  t h e  amount of  t h i s  element p resent  i s  v i t a l l y  

impor tan t .  I n  fac t ,  a t  t he  L i  l e v e l  repo r ted  by Spectrochemical, 

t h e  die-away r a t e  would depend r a t h e r  weakly on the  amounts o f  a l l  

o t h e r  elements i n  Tab le  2 which a r e  present .  I t  i s  t he  o p i n i o n  o f  

severa l  g e o l o g i s t s  t h a t  l i t h i u m  o x i d e  concen t ra t i ons  i n  t h e  range o f  

a few t e n t h s  o f  weight  percent a r e  unreasonably  h igh.  These r e s u l t s ,  

ob ta ined  by wet chemistry, are now presumed t o  be i n  e r r o r .  The L i 2 0  

concen t ra t i ons  repo r ted  by M e t a l l u r g i c a l  L a b o r a t o r i e s  were ob ta ined  

by atomic a b s o r p t i o n  which i s  a more r e l i a b l e  method. Both labora-  

t o r i e s  repo r ted  t h a t  o t h e r  s t r o n g l y  absorb ing  elements (e.g. C1, Gd, 

and o t h e r  r a r e  ear ths)  a r e  not p resen t  a t  s u f f i c i e n t l y  h i g h  l e v e l s  t o  

app rec iab l y  a f f e c t  the  thermal neu t ron  die-away. 

Tab le  3 shows t h e  elemental we igh t  percents  deduced f rom t h e  re -  

s u l t s  i n  Table 2.  Only t h e  data o f  M e t a l l u r g i c a l  L a b o r a t o r i e s  were 

used s i n c e  we f e e l  they may be more t r u s t w o r t h y .  Except f o r  t h e  d i s -  

crepancy i n  L i ,  i t  would make l i t t l e  d i f f e r e n c e  which s e t  we used i n  

c a l c u l a t i n g  macroscopic cross sec t i ons .  Oxygen i s  no t  shown s i n c e  i t s  

thermal neu t ron  cap tu re  cross s e c t i o n  i s  p r a c t i c a l l y  zero, and i t  w i l l  

n o t  a f f e c t  thermal die-away ra tes .  

For  re fe rence  we have l i s t e d  i n  Table 4 t h e  thermal neu t ron  ab- 

The q u a n t i t i e s  Q and A s o r p t i o n  parameter aa/A scaled up by 1000. a 
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a r e  t h e  elemental m ic roscop ic  thermal neu t ron  a b s o r p t i o n  c ross  s e c t i o n  

and atomic weight, r e s p e c t i v e l y .  

from t h e  Chart o f  t h e  Nuclides12, w h i l e  t h e  o t h e r s  a re  f rom t h e  Brook- 

haven compi la t ion13.  From the t a b l e  i t  i s  ev iden t  t h a t  L i  and B w i l l  

dominate i n  t h e  thermal neutron die-away process un less  t h e i r  concen- 

Values o f  ba f o r  Fe and Ca were taken 

t r a t i o n s  a re  about t h r e e  t o  f a r  o rde rs  o f  magnitude l e s s  than the  

o t h e r  elements i n  Table 4. 
The macroscopic absorp t ion  c ross  s e c t i o n  C i s  d e f i n e d  by a 

where 

d i f f e r  by o n l y  about 5%, and 

about 34%. The va lues of  Ca 

which w i l l  be p l o t t e d  i n  emp 

meter  which w i l l  be ob ta ined  

away da ta  r e s u l t i n g  from t h e  

g i v e n  i n  

r i c a l  ca 

from t h e  

GAUSHAUS 

3 p = gross densi t y  (gm/cm ) 

w = weight  f r a c t i o n  o f  i ' t h  t ype  element i 
Q = microscopic  thermal a b s o r p t i o n  c ross  s e c t i o n  fo r  a i  

i ' t h  type  element (barns)  

A. = atomic weight o f  i ' t h  t ype  element. 
I 

The parameter Ca/p may be c a l c u l a t e d  f o r  each rock  model by u s i n g  

t h e  da ta  i n  Tab lesr3  and 4. 
t h e  known d e n s i t i e s .  

model. 

The parameter Ca can then be ob ta ined  f rom 

'Table 5 shows va lues  o f  p,  Ca/p, and Ca f o r  each 

Note t h a t  t h e  va lues  o f  Ca/p f o r  t h e  crushed and s o l i d  g r a n i t e  

these d i f f e r  from t h a t  f o r  b a s a l t  by 

'Table 5 w i l l  be t h e  q u a n t i t i e s  

i b r a t i o n  curves a g a i n s t  a para- 

smooth approx imat ion  t o  t h e  d i e -  

program * 
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V I  I . RESULTS OF OPTIMUM THERMAL DIE-AWAY MEASUREMENTS 

We w i l l  now d iscuss  t h e  exper imenta l  r e s u l t s  o f  optimum thermal 

die-away measurements on the  crushed basa l t ,  crushed g ran i te ,  s o l i d  

g ran i te ,  and crushed carbonate models. These measurements a r e  optimum 

o n l y  i n  a c e r t a i n  sense and w i t h i n  a l i m i t e d  d e f i n i t i o n .  For example, 

whereas t h e  combina t ion  neut ron  exper iment  w i l l  p robab ly  use a 5- o r  10- 

psec source burs t ,  a longer  b u r s t  o f  100 psec was used i n  the  s t u d i e s  

t o  be d iscussed i n  o r d e r  t o  reduce run  t imes s o  t h a t  s t a t i s t i c a l l y  

good da ta  cou ld  be ob ta ined  i n  30 min. Also, f o r  t he  gamma-ray d i e -  

away runs, t h e  p h o t o m u l t i p l i e r  tube was gated o f f  d u r i n g  t h e  100-psec 

b u r s t .  Th i s  was necessary t o  e l i m i n a t e  d i s t o r t i o n s  i n  t h e  da ta  which 

develop i f  t h e  tube i s  n o t  gated and t h e  neu t ron  o u t p u t  i s  s u f f i c i e n t l y  

h i g h  t o  g i v e  good s t a t i s t i c s  on t h e  da ta  p o i n t s  i n  a 30-min run. Th is  

p o i n t  w i l l  be taken up i n  Sect ion X I I .  

For a l l  cases d iscussed i n  t h i s  sec t ion ,  t h e  die-away probe was 

o r i e n t e d  h o r i z o n t a l l y ,  t h e  source-detec tor  spac ing  was 25 cm, and t h e  

c e n t e r  o f  t h e  spacing was p laced a t  t h e  c e n t e r  o f  t h e  model su r face .  

The probe was t h a t  shown i n  F ig .  5, which p laces  t h e  a x i s  o f  t h e  t a r g e t -  

d e t e c t o r  l i n e  2 i n .  above the  model sur face .  

. Representa t ive  runs on each o f  t h e  f o u r  models ob ta ined  w i t h  t h e  
j bare  He d e t e c t o r  a re  shown i n  F igs .  18-21. The run  t ime  f o r  each was 

30 min., and t h e  neu t ron  ou tpu t  pe r  b u r s t  was about 2 x 10 e The t i m -  

i n g  combina t ion  fo r  each was (100,5000,0,4680,16). W i t h  a p e r i o d  o f  

5000 psec, and a r e s u l t i n g  r e p e t i t i o n  r a t e  o f  200 pulses/sec, t h e  aver-  
6 age neu t ron  o u t p u t  was about 4 x 10 neutrons/sec, and t h e  t o t a l  o u t -  

p u t  per  run  was about 7 x l o9  neutrons.  

background which i s  l e s s  than 10 counts/channel i n  each case. The 

channels  up t o  channel 23 which c o n t a i n  o n l y  background c o u l d  no t  be 

p l o t t e d  on t h e  o r d i n a t e  s c a l e  used. The da ta  p o i n t s  have no t  been co r -  

r e c t e d  for  dead-t ime losses  i n  t h e  t ime  ana lyze r ,  Thus, t h e  q u a n t i t y  

4 

The da ta  i n  F igs .  18-21 i n c l u d e  

[ s e e  Eq.(16)’ i s  shown. 
‘n J 
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The 1bs.s- and background-corrected counts  CC f o r  t he  f o u r  runs i n  n 
F i g s .  18-21 a r e  shown toge the r  i n  F i g .  22. Note t h a t  t h e  da ta  p o i n t s  do 

n o t  suggest even q u a l i t a t i v e  agreement w i t h  the  t h e o r e t i c a l  curves i n  

F i g .  2.  

i n g  GAUSHAUS. The beg inn ing  p o i n t  for  each f i t  i s  about 100 psec a f t e r  

t h e  end o f  t h e  b u r s t .  The counts a t  t h e  beg inn ing  o f  t h e  analyzed cu rve  

f o r  each model show an i n t e r e s t i n g  and e x p l a i n a b l e  t rend,  v i z ,  an i nc rease  

w i t h  i n c r e a s i n g  d e n s i t y .  For small t, t h e  neut ron  d e n s i t y  i s  g i ven  approx- 

The smooth curves through t h e  p o i n t s  a r e  t h e  r e s u l t  o f  f i t s  us- 

i m a t e l y  by see Eq.(9) 1 . L 2 

The Fermi or  symbol ic  age 8 i s  de f ined by 

U 

du I 
8 = J  1 

0 3 $  Cf ( 1 -  < cos e>av) 

where 

u = I n  EIE = l e tha rgy  from source energy E t o  energy E,  

5 = average loga r i t hm ic  energy decrement per  c o l l  isLon, 
0 0 

Cs(u) = lethargy-dependent macroscopic neu t ron  s c a t t e r i n g  c r o s s  

sec t ion ,  

< cos 0 > = average cos ine o f  t h e  ang le  o f  s c a t t e r i n g .  
av 

Note t h a t  s i n c e  Cs 

i nc reases .  

p ,  then  8 p-f and t h e  age decreases as t h e  d e n s i t y  

I t  i s  easy t o  show t h a t  i f  r and z a r e  small  compa_red t o  e', 
1 

- 
t h e  age-dependence o f  Eq.(23) i s  g i v e n  approx imate ly  by n - e 'I2, ar;ld 

- 
5 t h e r e f o r e  n - p 

t h e  f i f t h - p o w e r  dependence on p i s  p robab ly  much too s t rong.  Never the less,  

t h e  fo rego ing  argument makes p l a u s i b l e  t h e  observed e a r l y  magnitude o f  t h e  

d i e-away curves 

A v a l u e  o f  25 cm fo r  r i s  no t  smal l  compared t o  e', so 
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The l a t e r  p o r t i o n  of t h e  curves i n  F ig .  22 must be used t o  o b t a i n  
3 an e m p i r i c a l  c a l i b r a t i o n  cu rve  f o r  t h e  die-away as measured by t h e  He 

d e t e c t o r .  Two exper imenta l  parameters were t r i e d .  These were r a t i o s  o f  

t h e  o r d i n a t e s  a t  v a r i o u s  t ime  delays, and t h e  nega t i ve  l o g a r i t h m i c  s lope  

o f  t h e  cu rve  a t  v a r i o u s  delays.  The l a t e r  q u a n t i t y  must approach vz a 
a s y m p t o t i c a l l y ,  b u t  t h e  s t a t i s t i c a l  u n c e r t a i n t y  on t h e  s lope  w i l l  c l e a r l y  

g e t  r a t h e r  l a r g e  t h e  f a r t h e r  ou t  i n  t ime  one goes. A good compromise 

seems t o  be t o  c a l c u l a t e  t h e  s lope a t  some i n t e r m e d i a t e  delay, and t h i s  

was done t o  g i v e  t h e  c a l i b r a t i o n  cu rve  shown i n  F ig .  23. A de lay  o f  770 

psec was chosen. The t r e n d  o f  the p o i n t s  g i ves  a smooth curve, and i n -  

t e r p o l a t i o n  between p o i n t s  should be t r u s t w o r t h y .  E x t r a p o l a t i o n  o f  t h e  

c u r v e  probab ly  i s  no t  safe, e s p e c i a l l y  a t  t h e  l o w  end. Th is  i s  because 

t h e  behav io r  i n  t h i s  r e g i o n  suggests t h a t  t h e  absc issa  w i l l  be i n t e r -  

cep ted  t o  t h e  l e f t  o f  t h e  Ca ax is .  

z e r o  absorp t ion ,  a die-away curve o f  p o s i t i v e  s lope would be observed, 

wh ich  i s  c l e a r l y  a phys i ca l  i m p o s s i b i l i t y .  

absc issa: in tercept  must be t o  the r i g h t  o f  t h e  Ca a x i s  because die-away 

s t i l l  occurs  due t o  leakage. I n  t h i s  respec t  n o t e  t h a t  from E q . ( l l )  i f  

Ca = 0, nh. e 

23 i s  n o t  v a l i d  beyond the  end p o i n t s  on t h e  curve .  

by  t h e  3" x 3" Na l /B l0  de tec to r ,  we show i n  F ig .  24 a r e l e v a n t  p u l s e  

h e i g h t  spectrum taken on t h e  crushed b a s a l t  model. Note t h a t  a 500-psec 

co inc idence  c o u n t i n g  ga te  was used which was delayed 100 psec f r o m  t h e  

end o f  t h e  burs t ,  and t h a t  a 140-psec PM gate  was used. A l though t h i s  

i s  l a b e l l e d  a cap tu re  spectrum, i t  i s  a c t u a l l y  a m i x t u r e  o f  cap tu re  and 

a c t i v a t i o n  gamma rays, p l u s  background. Both spec t ra  were s t o r e d  f o r  

60 min, t h e  r e p e t i t i o n  r a t e  was 200 pulses/sec, and t h e  neu t ron  o u t p u t  

f o r  t h e  rqw spectrum was about 1 x 10 neu t rons /bu rs t .  The background 

c o n s i s t s  p r i m a r i l y  o f  1.46-Mev gamma rays f r o m  K The most prominent  

f e a t u r e  i n  t h e  raw spectrum i s  the 0.478-Mev l i n e ,  presumably due t o  

I n  o t h e r  words, f o r  a m a t e r i a l  w i t h  

I n  f a c t ,  f o r  Ca = 0, t h e  

- VCQ t 
We must conclude t h a t  t h e  c a l i b r a t i o n  cu rve  i n  F ig .  

I n  p r e p a r a t i o n  for  d i scuss ion  o f  gamma-ray die-away as measured 

4 
40 
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thermal  neu t ron  cap tu re  by BIO ar&d t h e  Nal c r y s t a l .  

has a small  admix tu re  of 0.511-Mev a n n i h i l a t i o n  r a d i a t i o n ,  a l t hough  i t  

i s  n o t  s u f f i c i e n t l y  i n tense  t o  cause a s i g n i f i c a n t  s h i f t  f rom the  energy 

o f  t h e  gamma ray  from t h e  B 

t h i s  l i n e  l e d  us t o  specu la te  t h a t  i f  t h e  gamma-ray die-away were measured 

w i t h  a d i f f e r e n t i a l  pu lse-he igh t  window enve lop ing  t h e  0.478-Mev peak, 

then the  r e s u l t s  would be a m i x t u r e  o f  t h e  neu t ron  die-away and t h a t  o f  

t h e  cap tu re  gamma rays produced i n  the  models. For t h i s  reason we took  

Na l /B lo  die-away runs i n  p a i r s  - one w i t h  an  i n t e g r a l  b i a s  a t  122 kev 

(channel 12), and one w i t h  a 300- t o  510-kev window. 

Th is  l i n e  p robab ly  

10 
(n, cu)Li7 r e a c t i o n .  The h i g h  i n t e n s i t y  o f  

The p a i r s  o f  gamma-ray runs a r e  shown i n  F igs .  25-28. The run  t ime  
4 

fo r  each was 30 min, and t h e  neut ron  o u t p u t  per  b u r s t  was about 1 x 10 

The t i m i n g  combina t ion  f o r  each run  was (100,5000,14O,4680,16) The 

r e p e t i t i o n  r a t e  o f  200 pulses/sec y i e l d e d  an average o u t p u t  o f  about 

2 x 10 

The raw da ta  have been p l o t t e d .  For t h i s  d e t e c t o r  t he  background i s  suf- 

f i c i e n t l y  l a r g e  t h a t  i t  can be p l o t t e d  on t h e  s c a l e  used. An a l t e r n a t e  

p r e s e n t a t i o n  o f  t h e  gamma-ray data i s  shown i n  F ig .  29. These da ta  a r e  

t h e  122-kev runs shown i n  F igs .  25-28, p l u s  a s i m i l a r  run  on the  b r i c k  

model, c o r r e c t e d  fo r  dead-t ime losses.  Background has n o t  been sub t rac ted  

f o r  any case, The S/N  r a t i o s  f o r  these curves were d iscussed i n  S e c t i o n  

I V  i n  connect ion  w i t h  the  d i f f i c u l t y  encountered i n  o b t a i n i n g  a meaningfu l  

gamma-ray t r a v e r s e  on the  b r i c k  assembly. I t  i s  now o f  i n t e r e s t  t o  c a l -  

c u l a t e  t h e  S/N f o r  t h e  two types o f  gamma-ray curves.  

60 as a re ference,  t h e  t a b l e  below shows t h e  r a t i o s  f o r  t h e  da ta  i n  F igs .  

25- 28. 

6 neutrons/sec and a t o t a l  o u t p u t  per  run  o f  about 4 x l o 9  neutrons.  

Again u s i n g  channel 

Model 

Crushed b a s a l t  

Crushed g r a n i t e  

Sol i d  g r a n i t e  

Carbonate 

(’”) 122 kev 

1.17 

0 365 
0 458 
0.681 

(’IN) 300-510 kev 

1.30 

0.635 

0 9 553 
1.16 



1 
I 
1 
I 
I 
I 
I 
I 
1 
1 
I 
I 
It 
I 
I 
I 
I 
I 
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I t  i s  i n t e r e s t i n g  t h a t  t h e  increase i n  S/N i s  no t  t o  t h e  same e x t e n t  for  

a l l  f o u r  cases. The b a s a l t  and s o l i d  g ran i te ,  which show an in tense  d i e -  

away component, a r e  he lped r e l a t i v e l y  l i t t l e  by use o f  t h e  p u l s e  h e i g h t  

window. The crushed g r a n i t e  and carbonate, whose die-away i n t e n s i t i e s  a r e  

n o t  so great ,  a r e  he lped cons iderab ly .  Even though t h e  S/N r a t i o  i s  i n -  

creased by the  use o f  a d i f f e r e n t i a l  window enve lop ing  t h e  B ' O  cap tu re  

l i n e ,  t h i s  does n o t  n e c e s s a r i l y  mean t h a t  e m p i r i c a l  parameters ob ta ined  

from such runs w i l l  be s t a t i s t i c a l l y  b e t t e r  than those ob ta ined  from t h e  

i n t e g r a l  b i a s  runs, The t o t a l  count i n  a run  a l s o  w i l l  e n t e r  t h e  s ta -  

t i s t i c a l  cons ide ra t i ons .  

F ig .  30 shows t w o  examples o f  analyzed gamma-ray runs. These a r e  

t h e  so l  i d  g r a n i t e  and carbonate runs taken a t  122-kev i n t e g r a l  b i a s  and 

a r e  t h e  upper s e t s  o f  da ta  shown i n  F igs .  27 and 28. The da ta  p o i n t s  

a r e  t h e  CA i .e. they  have been c o r r e c t e d  f o r  dead-t ime losses.  The 

s o l i d  cu rve  i n  each case i s  y 

cep t  t h a t  o n l y  t w o  exponen t ia l s  were requ i red .  The background was l e f t  

i n  these p l o t s  t o  g i v e  an i n d i c a t i o n  o f  how w e l l  t h e  cu rve  f i t t i n g  pro-  

cedure does over  t h e  e n t i r e  die-away. The use o f  o n l y  two terms i n  y 

i s  c h a r a c t e r i s t i c  o f  a l l  t he  gamma-ray runs. F i t t i n g  t e s t s  u s i n g  two and 

t h r e e  terms i n  y showed no e s s e n t i a l  d i f f e r e n c e  between these as evidenced 

b y  t h e  f i n a l  va lues  o f  t h e  sum S i n  Eq.(19). The use o f  two terms i s  p r e f -  

e r a b l e  s i n c e  I t  leads t o  a sho r te r  c a l c u l a t i o n  t ime  per  f i t .  

- n' 
t Ao, where y n n i s  g i ven  by Eq. (21) , ex- 

n 

n 

F i g u r e  31 shows a s e t  of analyzed gamma-ray runs w i t h ?  sub t rac ted ;  
0 

thus, t h e  q u a n t i t y  p l o t t e d  i s  C C n o  

i n  F igs .  25-28, and t h e  smooth curves a r e  t h e  y f u n c t i o n s  r e s u l t i n g  f rom 

GAUSHAUS. A l though they  a r e  not  shown, t h e  cor respond ing  runs f o r  t h e  300- 

510 kev window show no s i g n i f i c a n t  d e v i a t i o n s  f rom t h e  122-kev data.  Appar- 

e n t l y  t h e  number o f  counts  i n  t h e  window due t o  gamma rays o r i g i n a t i n g  from 

t h e  mode! i s  a t  l e a s t  comparable t o  t h e  number produced by neu t ron  cap tu re  

i n  t h e  B J o 0  

The da ta  and curves i n  F ig .  31 have been normal ized  a t  t he  beg inn ing  o f  t h e  

These da ta  a r e  t h e  122-kev b i a s  runs 

n 

The da ta  o f  t h e  Fig. 24 a r e  c o n s i s t e n t  w i t h  t h i s  conc lus ion .  
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measured decay so t h a t  t he  ra the r  bad s t a t i s t i c a l  s c a t t e r  i n  t h e  r e g i o n  

1000-1500 psec does n o t  appear too  confus ing .  The same t w o  methods, i.e., 

r a t i o s  and nega t i ve  l o g a r i t h m i c  slopes, were t r i e d  on t h e  smooth cu rve  

approx imat ions  i n  F ig .  31 i n  o rder  t o  o b t a i n  an e m p i r i c a l  parameter f o r  a 

c a l i b r a t i o n  p l o t .  The s lope o f  t h e  curves appeared t o  be most s u i t a b l e ,  

and F ig .  32 shows a c a l i b r a t i o n  cu rve  obtainedby c a l c u l a t i n g  t h i s  q u a n t i t y  

a t  a de lay  o f  610 psec. 

l e s s  than f o r  t h e  neut ron  curves, bu t  t h e  c e r t a i n t y  o f  f i t  on t h e  da ta  

i n  F ig .  31 i s  no t  as good a t  a comparable de lay  as i n  F ig .  22. The c a l -  

i b r a t i o n  p o i n t s  i n  F ig .  32 suggest n o t h i n g  b e t t e r  than a s t r a i g h t  l i n e  

f i t ,  which has been drawn. A t  l e a s t  t h i s  c a l i b r a t i o n  cu rve  has t h e  v i r t u e  

t h a t  f o r  Ca = 0, t h e  absc issa  i s  i n t e r c e p t e d  on t h e  p o s i t i v e  s ide ,  With- 

o u t  a d d i t i o n a l  knowledge, however, we can o n l y  say t h a t  for  t h e  gamma-ray 

c a l i b r a t i o n  curve, as f o r  the  neutron curve, i n t e r p o l a t i o n  i s  l e g i t i m a t e  

b u t  e x t  rapo l  a t  i o n  wou 1 d be quest i onabl e 

The de lay  f o r  t h e  gamma-ray curves i s  160 psec 

I 
I 
1 
I 
I 
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V I  I I .  RESULTS OF EPITHERMAL 01 E-AWAY MEASUREMENTS 

The exper imenta l  r e s u l t s  o f  ep i thermal  die-away measurements on 

crushed basa l t ,  crushed g r a n i t e ,  and s o l i d  g r a n i t e  models w i l l  be d i s -  

cussed i n  t h i s  sec t ion .  For a l l  cases t h e  die-away probe was o r i e n t e d  

h o r i z o n t a l l y ,  t h e  source-detector  spac ing was 25 cm, and t h e  c e n t e r  o f  

t h e  spacing was p laced a t  t he  center  o f  t h e  model sur face .  The probe 

was t h a t  shown i n  F ig .  5, which p laces  t h e  a x i s  o f  t h e  t a r g e t - d e t e c t o r  

1 i n e  2 i n .  above the  model surface. 

Cd-covered He3 d e t e c t o r  a r e  shown i n  F ig .  33. 
i s  t h e  t ime  d i s t r i b u t i o n  of t h e  source neut rons  i n  t h e  b u r s t  from the  

P h i l i p s  neu t ron  tube. The r u n  t ime f o r  each He /Cd run  was 30 min., 

and t h e  neu t ron  o u t p u t  was about 2 x l o 3  neutrons pe r  b u r s t .  

i n g  combina t ion  f o r  each run  was (10,2500,0,0,0.5). W i th  a p e r i o d  of 

2500 psec and a r e s u l t i n g  r e p e t i t i o n  r a t e  o f  400 pulses/sec, t h e  aver-  

age neu t ron  o u t p u t  was about 8 x l o 5  neutrons/sec, and t h e  t o t a l  ou t -  

p u t  per  run  was about 7 x 10 neutrons. 

Representa t ive  runs on each of t h e  t h r e e  models ob ta ined  w i t h  a 

Also  shown i n  F ig .  33 

3 

The t i m -  

8 

The exper imenta l  arrangement for  measuring the  t ime  d i s t r i b u t i o n  o f  

neut rons  i n  t h e  b u r s t  was a m o d i f i c a t i o n  o f  t h a t  used fo r  t h e  d i e -  

away measurements as shown i n  Fig. 6. I n  making the  neu t ron  b u r s t  

measurement, a Oumont 6292 PM tube and a l .5I1 d i a .  by 0.375" t h i c k  

P i l o t  B p l a s t i c  s c i n t i l l a t o r  made up t h e  f a s t  neu t ron  d e t e c t o r .  The 

PM tube was, o f  course, no t  gated. Pulses from t h e  PM tube were f e d  i n -  

t o  an a m p l i f i e r  w i t h  i n t e g r a l  d i s c r i m i n a t o r .  Pu lse  d i s c r i m i n a t i o n  a l -  

lowed o n l y  pu lses  w i t h  ampl i tudes g r e a t e r  than those f rom 9-Mev r e c o i l  

p ro tons  t o  be t ime  analyzed. The run  t ime  fo r  measuring t h e  t ime  d i s -  

t r i b u t i o n  o f  f a s t  neutrons i n  t h e  neu t ron  b u r s t  was 30 min., and t h e  

neu t ron  o u t p u t  was about 2 x l o 2  neutrons per  b u r s t .  

b i n a t i o n  f o r  t h i s  measurement was (10,2500,0,4,0.5). W i th  a p e r i o d  o f  

2500 bsec and a r e s u l t i n g  400 per /sec r e p e t i t i o n  ra te ,  t h e  average neu- 

t r o n  ou tpu t  was about 8 x 10 neutrons/sec, and t h e  t o t a l  o u t p u t  f o r  

t h e  run  was about 7 x 10 neutrons.  The beg inn ing  o f  t h e  b u r s t  o f  f a s t  

The t i m i n g  com- 

4 

7 
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neut rons  occurs approx imate ly  7 psec b e f o r e  t h e  b u i l d - u p  o f  ep i thermal  

neut rons .  However, i n  F i g .  33 the  neu t ron  b u r s t  has p l o t t e d ,  i.e., 

s h i f t e d  7 psec l a t e r  i n  time, t o  c o i n c i d e  w i t h  the  beg inn ing  o f  t h e  ep i -  

thermal  die-away curves.  Such a p l o t  shows more c l e a r l y  t h e  e f f e c t  o f  

t h e  l o n g  and i r r e g u l a r  shape of t h e  f a l l  t ime  o f  t he  f a s t  neu t ron  b u r s t  

on  t h e  ep i  thermal d i  e-away curves. 

The approx imate ly  7 psec d i f f e r e n c e  i n  t h e  f a s t  neu t ron  b u i l d - u p  

and t h e  ep i thermal  neu t ron  bu i l d -up  is ,  we be l i eve ,  a r e a l  e f f e c t ,  name- 

l y  t h e  s lowing  down t ime  o f  t h e  14 Mev neut rons  t o  epicadmium energ ies .  

I t  i s  immediate ly  ev iden t  t h a t  i f  t h i s  i s  t r u l y  the  cause o f  t h e  d i f f e r -  

ence i n  t ime  between the  f a s t  and t h e  epicadmium neut ron  bu i ld -up ,  then 

r o c k  ma t r i ces  c o n t a i n i n g  d i f f e r e n t  amounts o f  hydrogen should show a 

s h o r t e r  t ime  d i f f e r e n c e  fo r  t h e  rock  c o n t a i n i n g  t h e  g r e a t e r  amount o f  

hydrogen. Our crushed basa l t ,  crushed g ran i te ,  and s o l i d  g r a n i t e  models 

c o n t a i n  d i f f e r e n t  amounts o f  water per  u n i t  volume o f  model. 

under the  c o n d i t i o n s  o f  o u r  measurements, t h e r e  appears t o  be no s i g n i -  

f i c a n t  d i f f e r e n c e  i n  t h e  t ime  of t h e  f a s t  and epicadmium neu t ron  b u i l d -  

up  for these models. When ou r  ep i thermal  die-away and f a s t  neu t ron  

b u r s t  measurements were madej the o b j e c t  was no t  t o  measure any such 

t ime  d i f f e r e n c e s .  Furthermore, o u r  e x i s t i n g  t i m i n g  e l e c t r o n i c s  i s  no t  

adequate for  measurements of  t h i s  type. We do, however, p l a n  f u r t h e r  

i n v e s t i g a t i o n  o f  t h i s  phenomenon u s i n g  s u i t a b l e  t i m i n g  c i r c u i t r y .  

However, 

The f a i l u r e  o f  t h e  P h i l i p ?  neu t ron  tube t o  produce a w e l l  d e f i n e d  

10-Vsec b u r s t  o f  f a s t  neutrons in t roduces  a ve ry  s i g n i f i c a n t  d i s t o r t i o n  

i n t o  t h e  ep i thermal  neu t ron  die-away measurements. The long  t a i l i n g  

o f  t h e  f a s t  neut ron  b u r s t  d i s t o r t e d  t h e  ep i thermal  cap tu re  gamma-ray d i e -  

away measurements t o  t h e  e x t e n t  t h a t  no ep i thermal  i n f o r m a t i o n  c o u l d  be 

e x t r a c t e d  from t h e  die-away curves. Examples o f  ep i thermal  neutron-  

c a p t u r e  gamma-ray measurements a re  shown i n  F ig .  34 and w i l l  be d iscussed 

i n  d e t a i l  l a t e r  i n  t h i s  sec t i on .  

The f a s t  neu t ron  b u r s t  has a r i s e  t ime  o f  about 7 psec, and the  f a l l  

t ime  i s  i r r e g u l a r  and l a s t s  approx imate ly  40 psec.  Th is  l o n g  and i r r e g u l a r  
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f a l l  t ime  o f  t h e  f a s t  neut ron  b u r s t  d i s t o r t s  the  f i r s t  60 psec o r  so o f  

t h e  ep i thermal  neu t ron  die-away curves and the re fo re ,  a l l  i n f o r m a t i o n  

con ta ined  i n  t h e  f i r s t  60 psec o f  t h e  die-away i s  v i r t u a l l y  dest royed.  

Fast  neutrons,which a t t a i n  thermal energ ies  p r i o r  t o  t h e  f i n a l  termina-  

t i o n  of 14 Mev neu t ron  product ion,  do n o t  a f f e c t  t h e  ep i thermal  neu t ron  

die-away measurements made w i t h  a Cd-covered He3 counter  because t h e  

thermal neutrons a r e  captured  by Cd sur round ing  t h e  He3 d e t e c t o r .  

sequent ly ,  t h e  ep i thermal  neutron die-away a t t a i n s  a die-away cha rac te r -  

i s t i c  o f  t h e  moderat ing p r o p e r t i e s  o f  t h e  rock  m a t r i x  soon a f t e r  t he  

l a s t  14 Mev neutrons i n  t h e  bu rs t  a r e  produced. The die-away curves 

shown i n  F ig .  33 f o r  t h e  t h r e e  rock  models show e a s i l y  i d e n t i f i a b l e  d i e -  

away cha rac te r  i n  about 60 t o  70 psec f o l l o w i n g  t h e  beg inn ing  o f  t h e  

f a s t  neu t ron  b u r s t .  The r a t e  o f  die-away i s  sma l les t  fo r  t h e  crushed 

g r a n i t e  (p  = 1.42), g r e a t e r  for  t h e  s o l i d  g r a n i t e  ( p  = 2.63), and g rea t -  

e s t  f o r  t h e  crushed b a s a l t  (p  = 1.62). S ince hydrogen i n  t h e  m a t r i x  

shou ld  dominate t h e  ep i thermal  die-away, these die-away measurements 

i n d i c a t e  t h a t  t h e  hydrogen p e r  u n i t  volume o f  these models i s  l e a s t  i n  

t h e  crushed gran te, g r e a t e r  i n  t h e  s o l i d  g r a n i t e ,  and t h e  g r e a t e s t  i n  

t h e  crushed basa t o  

Con- 

The NMR (nuc ear  magnetic resonance) Sec t i on  o f  our  l a b o r a t o r y  has 

developed an NMR techn ique o f  measuring water  con ten t  i n  rock  samples. 

We p r e v a i l e d  upon ou r  NMR group t o  analyze,-samples f rom ou r  crushed 

g r a n i t e ,  s o l i d  g r a n i t e ,  and crushed b a s a l t  models f o r  water  con ten t  and 

t h e i r  r e s u l t s  a r e  shown i n  t h e  t a b l e  below. 

3 Model Density-gms/cm 

Crushed b a s a l t  1.62 

Sol i d  g r a n i t e  2.63 
Crushed g r a n i t e  1.42 

w t o %  H,O 
7 

H,O - cJm/cm’ 

092 

0 37 
0 36 

001 5 

0 0097 

.0051 

I 
I 
I 
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The q u a l i t a t i v e  agreement between t h e  ep i thermal  neu t ron  die-away 

measurements and t h e  corresponding NMR measurements o f  t h e  water  con ten t  

i n  t h e  rock  samples from t h e  models show ep i thermal  neu t ron  die-away 

to  be q u i t e  s e n s i t i v e  t o  v e r y  small q u a n t i t i e s  o f  water  i n  t h e  rock. 

i nhe ren t  w i t h i n  ou r  p a r t i c u l a r  NMR equipment, however, i s  an as y e t  un- 

determined u n c e r t a i n t y  f o r  va lues o f  water  con ten t  i n  rocks t h a t  con- 

t a i n  so l i t t l e  water .  The bes t  t h a t  can be s t a t e d  a t  t h i s  t ime  i s  t h a t  

t h e  NMR va lues  represent  lower  l i m i t s  f o r  t h e  water  con ten t  o f  these 

rock  samples. Therefore, a l though one would l i k e  t o  make a c a l i b r a t i o n  

cu rve  from t h e  present  data, a c a l i b r a t i o n  cu rve  fo rmula ted  from these 

da ta  cou ld  no t  be cons idered a b s o l u t e l y  r e l i a b l e .  These da ta  do show 

c o n c l u s i v e l y ,  however, t h a t  t h e  ep i thermal  die-away method i s  ve ry  

s e n s i t i v e  t o  small  amounts o f  water i n  rock  samples. Therefore,  a t  t h e  

t i m e  t h a t  t h e  water  con ten t  (of rock  samples) can be measured w i t h  b o t h  

upper and lower  l i m i t s ,  a c a l i b r a t i o n  cu rve  o f  the  water  con ten t  versus 

an ep i thermal  die-away parameter can be made, 

Representa t ive  runs on t h e  s o l i d  g r a n i t e  and crushed g r a n i t e  models 

ob ta ined  w i t h  a 3" d i a .  x 3" long Nal d e t e c t o r  i n t e g r a l l y  b iased  a t  

122-kev gamma-ray energy a re  shown i n  F ig .  34. The run  t ime  f o r  each 

ep i thermal  neut ron-capture  gamma-ray die-away run  was 30 min., and t h e  

neu t ron  o u t p u t  was about 2 x l o 2  n /bu rs t .  The t i m i n g  combina t ion  of 

each Nai run  was (10,2500,20,0,0.5) a Wi th  a p e r i o d  o f  2500 psec and 

t h e  r e s u l t i n g  r e p e t i t i o n  r a t e  of 400 pulses/sec, t h e  average neu t ron  

o u t p u t  was about 8 x 10 n e u t r o d s e c  and t h e  t o t a l  o u t p u t  p e r  run  was 

about 7 x 10 neutrons.  The die-away curves f o r  t h e  crushed g r a n i t e  

and s o l  i d  g r a n i t e  e x h i b i t  no fea tures  t h a t  suggest a d i f f e r e n c e  i n  t h e  

water  conten t  o f  t h e  two models. The reason t h e r e  i s  no i n d i c a t i o n  o f  

t h e  d i f f e r e n c e  i n  hydrogen conten t  o f  these two models i s  t h a t  t h e  e p i -  

thermal cap tu re  gamma-rays have been obscured by thermal  neut ron-capture  

gama-rays .  Thermal neutron-capture gamma rays  beg in  t o  occur  i n  g r e a t  

abundance i n  20 t o  40 psec f o l l o w i n g  t h e  beg inn ing  o f  f a s t  neu t ron  p ro -  

duc t i on .  Therefore, t h e  1east;obstured ep i thermal  c a p t u r e  gamma-ray 

die-away i n f o r m a t i o n  i s  conta ined i n  t h e  die-away t h a t  occurs  d u r i n g  

4 

7 
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t h i s  20 t o  40 psec pe r iod .  Th is  i s  a l s o  t r u e  i f  ep i thermal  die-away 

measurements a r e  ob ta ined  w i t h  a ba re  He3 d e t e c t o r .  

t h e  case, t h e  requi rements on the f a s t  neu t ron  b u r s t  shape and dura- 

t i o n  a r e  r a t h e r  s t r i n g e n t .  A s a t i s f a c t o r y  neu t ron  b u r s t  f o r  ep i -  

thermal  die-away measurements should have a t o t a l  d u r a t i o n  o f  n o t  more 

than  10 psec, and t h e  f a l l  t ime  should be 2 psec o r  l ess .  The r i s e  

t i m e  o f  t h e  b u r s t  i s  n o t  s o  c r i t i c a l  bu t  shou ld  be as f a s t  as poss ib le .  

The neu t ron  b u r s t  shape and d u r a t i o n  a r e  no t  so c r i t i c a l  when making 

ep i  thermal neu t ron  die-away measurements w i t h  a Cd-covered He3 d e t e c t o r  

because t h e  thermal neutrons are  absorbed i n  t h e  Cd and the re fo re ,  

never  produce d e t e c t a b l e  e f f e c t  on t h e  ep i thermal  die-away. Unfor tun-  

a t e l y ,  t h e r e  i s  no s i m i l a r  way to  d i s c r i m i n a t e  between thermal and ep i -  

thermal  neut ron-capture  gamma rays s i n c e  t h e  gamma rays have t h e  same 

energ i es. 

S ince  t h i s  i s  

The neu t ron  b u r s t  f rom ou r  P h i l i p s  neu t ron  genera tor  does no t  meet 

these s t r i c t  requi rements as i s  ev iden t  from t h e  source neu t ron  t i m e  

d i s t r i b u t i o n  o f  t h e  b u r s t  shown i n  F ig .  33. We p l a n  t o  m6d i f y  ou r  

p u l s i n g  system i n  o r d e r  t o  be able t o  o b t a i n  t h e  hydrogen i n f o r m a t i o n  

con ta ined  i n  t h e  ep i thermal  die-away as measured w i t h  a Nal d e t e c t o r  

o r  a bare  He5 d e t e c t o r .  

w i t h  a Cd-covered He3 d e t e c t o r  show a d e f i n i t e  and v e r y  s e n s i t i v e  re-  

sponse t o  v e r y  small  q u a n t i t i e s  o f  water  i n  a rock  m a t r i x .  Th i s  in form- 

a t i o n  w i l l  a l s o  be conta ined i n  ep i thermal  die-away curves  ob ta ined  

w i t h  e i t h e r  a Nal or  a bare  He d e t e c t o r .  We b e l i e v e  t h i s  i n f o r m a t i o n  

can be e x t r a c t e d  p rov ided  the  f a s t  neu t ron  b u r s t  meets c e r t a i n  minimum 

s p e c i f i c a t i o n s  o f  f a l l  time, dura t ion ,  and r i s e  t ime.  

I n  conclus ion,  our  ep i thermal  neu t ron  die-away measurements ob ta ined  

3 
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I X .  LAYER1 NG STUD1 ES 

The model on which t h e  l a y e r i n g  s t u d i e s  were c a r r i e d  o u t  i s  shown 

i n  F i g .  16. Th is  c o n s i s t e d  of a t h i n  (20 gage) co r ruga ted  s t e e l  band 

p l a c e d  on t h e  so l  i d  g r a n i t e  model Layers o f  crushed g r a n i t e  (Burnet  

Red) were success i ve l y  b u i l t  up by add ing  rock  t o  t h e  small  t ank  which 

t h e  band formed. The dimensions o f  t h e  band a r e  76" d i a .  x 2611 he igh t .  

An e a r l y  s e t  o f  l a y e r i n g  experiments was c a r r i e d  o u t  i n  which t h e  

crushed rock  was con ta ined  no t  by the  s t e e l  band b u t  by  a plywood t r a y  

made o f  3/4 i n .  t h i c k  wood. When t h e  r e s u l t s  o f  these f i r s t  s t u d i e s  

were analyzed, i t  was apparent t h a t  an i ncons is tency  e x i s t e d .  A f t e r  

much t r i a l  and e r r o r ,  t h e  t r o u b l e  was d iscovered and i s  i l l u s t r a t e d  i n  

F i g .  35. Two He die-away runs a r e  shown, one f o r  t h e  wooden t r a y  and 

one for  t h e  s t e e l  band. I n  each case t h e  th i ckness  o f  crushed g r a n i t e  

was zero, so t h e  observed die-away shou ld  be t h e  same as f o r  t h e  bare  

b lock ,  p r o v i d i n g  t h a t  t he  r e t a i n i n g  t r a y s  a re  no t  i n f l u e n c i n g  t h e  d i e -  

away. The die-away cu rve  obta ined w i t h  n e i t h e r  t r a y  i n  p o s i t i o n  over -  

l a y s  t h e  open c i r c l e  da ta  i n  F i g .  35 t o  w i t h i n  expected s t a t i s t i c a l  un- 

c e r t a i n t i e s ,  i n d i c a t i n g  no e f f e c t  on t h e  neut ron  die-away f rom t h e  t h i n  

s t e e l .  Note, however, t h e  l a rge  c o n t a i n i n g  e f f e c t  due t o  t h e  wooden 

t r a y .  The magnitude o f  t h e  e f f e c t  i s  s u r p r i s i n g l y  l a r g e  and i s  an 

example o f  t h e  r a t h e r  unusual phenomena which can a r i s e  i n  pu lsed neu- 

t r o n  experiments. Containment by t h e  wooden t r a y  would h a r d l y  be ob- 

served i n  t h e  s teady -s ta te  case. The l a y e r i n g  r e s u l t s  repo r ted  below 

were a l l  ob ta ined  w i t h  t h e  t h i n  s t e e l  band r e t a i n i n g  t h e  crushed g r a n i t e .  

Gamma ray, thermal neutron, and epi  thermal neu t ron  d i  e-away runs 

3 

were taken on the  l aye red  model fo r  l a y e r  th icknesses  o f  0,3,6,12,18, 

and 24 i n .  The gamma-ray runs inc luded b o t h  i n t e g r a l  and d i f f e r e n t i a l  

energy biases, and source-detector  spacings o f  25 and 50 cm were used 

fo r  a l l  runs. H o r i z o n t a l  o r i e n t a t i o n  was used throughout .  

F ig .  36 shows some o f  t he . runs  ob ta ined  w i t h  t h e  bare  He3 counter  

a t  25-crn spacing, The curves  have been normal ized  a t  t h e  beg inn ing  o f  
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t h e  die-away. The 3- in . layer  has a l a r g e  e f f e c t  on t h e  die-away r a t e  

as evidenced by a comparison of the  s e t  o f  curves. T h i s  i s  n o t  unex- 

pec ted  s i n c e  thermal neutrons have such a r e l a t i v e l y  s h o r t  mean f r e e  

p a t h  i n  mat te r .  The curve  for  the 24-in. l a y e r  i s  c l o s e  t o  t h a t  f o r  an 

i n f i n i t e l y  t h i c k  crushed l a y e r .  The curve  f o r  t h e  l a t t e r  i s  t h a t  ob- 

t a i n e d  on t h e  f u l l  crushed g r a n i t e  model. 

F i g .  37 shows t h e  Nal/B1' runs f o r  t h e  t w o  extreme cases o f  s o l i d  

and crushed g r a n i t e ;  and 3 l a y e r  th icknesses.  Again the  curves have 

been normal ized a t  t h e  beginning o f  t h e  measured decay. The curves f o r  

t h e  6- and 18- in .  l a y e r s  f a l l  p r o p e r l y  i n  t h e  s e t  b u t  have been o m i t t e d  

for  t h e  sake of  c l a r i t y .  The smooth curves here,as w e l l  as i n  t h e  prev- 

i o u s  f igure ,  a r e  t h e  r e s u l t s  of curve f i t t i n g  by GAUSHAUS. 

a r e  shown for  t h e  extreme cases f o r  i l l u s t r a t i v e  purposes. 

Data p o i n t s  

The j - i n .  
l a y e r  here  does n o t  have such a l a r g e  e f f e c t  on t h e  die-away as t h e  He 3 

case, presumably due to  t h e  longer mean f r e e  pa th  o f  t h e  c a p t u r e  gamma 

rays  i n  m a t t e r .  

The r e s u l t s  o f  e i t h e r  neutron or gamma-ray die-away c l e a r l y  i n d i c a t e  

t h a t  t h e  presence o f  a l a y e r  o f  m a t e r i a l  on  t o p  o f  a d i f f e r e n t  m a t e r i a l  

( d i f f e r e n t  here  by v i r t u e  of a c o n t r a s t  i n  d e n s i t y )  i s  re f l -ec ted  i n  t h e  

die-away curves.  The impor tant  q u e s t i o n  i s  t h e  f o l l o w i n g .  Can one d i s -  

t i n g u i s h  between t h e  case o f  t r u e  l a y e r i n g  and t h a t  o f  a homogeneous 

medium whose p h y s i c a l  p r o p e r t i e s  a r e  i n t e r m e d i a t e  between those o f  t h e  

t w o  l a y e r e d  media? E a r l y  t h e o r e t i c a l  c a l c u l a t i o n s ,  t h e  r e s u l t s  o f  which 

were quoted i n  t h e  paper by Caldwel l  e t  a1 i n d i c a t e d  t h e r e  was a poss- 

i b i l i t y  o f  d i s t i n g u i s h i n g  these cases on t h e  b a s i s  o f  a d e t a i l e d  a n a l y s i s  

o f  t h e  e n t i r e  thermal neut ron  die-away curve.  However, t h e  t h e o r y  used 

was comparable t o  t h a t  developed i n  S e c t i o n  SI o f  t h i s  r e p o r t .  I n  v iew 

o f  t h e  f a i l u r e  o f  t h e  theory  i n  Sec t ion  I I  t o  p r e d i c t  t h e  c o r r e c t  shape 

o f  t h e  neut ron  die-away curves as d iscussed p r e v i o u s l y ,  doubt must be 

c a s t  on any d e t a i l e d  p r e d i c t i o n s  o f  these r a t h e r  s imp le  t h e o r i e s .  

1 -- J 
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3 The He curve  for t h e  case o f  a 24- n. l a y e r  g i v e s  some i n d i c a t i o n  

of an e a r l y  decay c h a r a c t e r i s t i c  o f  t h e  upper l a y e r  and an asymptot ic  

decay between those of t h e  upper and lower media. T h i s  e f f e c t  i s  of 

such smal l  magnitude,however, t h a t  i t  i s  d o u b t f u l  i f  i t  c o u l d  be used 

p r a c t i c a l l y .  The gamma-ray curves show no such e a r l y  behavior .  We 

a r e  f o r c e d  t o  conclude, therefore,  t h a t  on t h e  b a s i s  o f  a die-away 

measurement alone, i t  i s  n o t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e  case 

of a two- layered medium and t h a t  o f  a homogeneous medium w i t h  p r o p e r t i e s  

i n t e r m e d i a t e  between those o f  the two layers .  The above r e s u l t s  and con- 

c l u s i o n  a r e  a consequence o f  the f a c t  t h a t  t h e  die-away technique, i n -  

v o l v i n g  r a t h e r  deeply  p e n e t r a t i n g  f a s t  neutrons and gamma rays, averages 

o v e r  a Considerable amount o f  m a t e r i a l .  Th is  deep averaging c a p a b i l i t y  

c o u l d  be an asset  i f  some a u x i l i a r y  experiment leads t o  a d e t e r m i n a t i o n  

o f  the p r o p e r t i e s  o f  a v e r y  shal low l a y e r .  I f  t h i s  were t rue, t h e  d i e -  

away expected for  a homogeneous medium o f  t h a t  type  would be known. Any 

d e v i a t i o n  i n  t h e  measured die-away would then be due t o  inhomogeneit ies 

i n m a t e r i  a1 p r o p e r t i e s .  

I 
I 
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X. MEASUREMENTS ON A SURFACE IRREGULARITY 

I t  i s  o f  i n t e r e s t  and importance t o  f i n d  ou t  t o  what e x t e n t  an 

uneven su r face  w i l l  a f f e c t  t he  die-away measurement. I n  p r a c t i c a l l y  

a l l  remote su r face  measurements i n v o l v i n g  a so f t - l ander ,  i t  w i l l  be 

v i r t u a l l y  imposs ib le  t o  i n s u r e  emplacement o f  t h e  neut ron  probe on an 

a b s o l u t e l y  l e v e l  sur face .  

I n  o r d e r  t o  s tudy  t h i s  phase o f  t he  problem from t h e  s tandpo in t  o f  

t h e  die-away technique, we formed a c r a t e r  i n  the  l a r g e  tank  o f  crushed 

g r a n i t e .  The c r a t e r  was about 45 i n .  i n  diameter f rom r i m  t o  r i m ,  9 i n .  

i n  h e i g h t  f rom r i m  t o  c r a t e r  f l o o r ,  and $ i n .  i n  h e i g h t  f rom r i m  t o  

sur round ing  l e v e l  surface. Two o r i e n t a t i o n s  o f  t he  neu t ron  probe were 

used. The f i r s t  o f  these, which we c a l l  i r r e g u l a r i t y  llA1l, was such 

t h a t  t he  probe spanned across the  c r a t e r  w i t h  the probe h o r i z o n t a l .  

F ig .  17 shows t h e  c r a t e r  and the probe i n  the  I lA I l  p o s i t i o n .  I n  i r r e g -  

u l a r i t y  "B1I,  t h e  source-end o f  the I1T1l was p laced i n  t h e  bottom o f  t h e  

c r a t e r  and the  stem o f  t h e  IIT" rested on t h e  c r a t e r  r i m .  
3 Figs.  38 and 39 show some o f  t h e  exper imental  r e s u l t s .  I n  t h e  He 

runs i n  F ig .  38, a re fe rence run taken on the  und is tu rbed  l e v e l  s u r f a c e  

i s  shown, bo th  as da ta  p o i n t s  and as a f i t t e d  smooth curve. The dashed 

c u r v e  ob ta ined  w i t h  o r i e n t a t i o n  I IB' l  i s  c l o s e  t o  t h e  und is tu rbed  run, 

b u t  s t i l l  somewhat d i f f e r e n t .  The dashed and d o t t e d  cu rve  f o r  o r i e n t a -  

t i o n  I1Al1 d i f f e r s  f rom the re fe rence run more than I I B I I a  I t  would seem 

t h a t  any exper imental  parameter e x t r a c t e d  from t h e  He' d i  e-away curves 

a f t e r  about channel 50 o r  60 would no t  be s e n s i t i v e  t o  t h e  presence o f  

t h e  c r a t e r ,  a t  l e a s t  f o r  these o r i e n t a t i o n s .  

The gamma-ray runs shown i n  F i g .  39 f o r  t h e  same c o n d i t i o n s  as t h e  

neu t ron  runs show even l e s s  s e n s i t i v i t y  t o  probe o r i e n t a t i o n  and sur-  

face r e l i e f .  Cons ider ing  the s t a t i s t i c a l  u n c e r t a i n t i e s  i n  the  t h r e e  

f i t t e d  curves, which may be judged from t h e  s e t  o f  da ta  po in ts ,  t he  

t h r e e  runs may almost be assumed i d e n t i c a l .  
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The f a c t  t h a t  the  neut ron  curves show more s e n s i t i v i t y  t o  a s u r f a c e  

i r r e g u l a r i t y  and assoc ia ted  probe o r i e n t a t i o n  than do t h e  gamma-ray 

curves i s  q u i t e  l o g i c a l .  Since t h e  most p robab le  v e l o c i t y  o f  thermal 

neut rons  a t  average temperatures i s  0.22 cm/psec, any s i g n i f i c a n t  a i r  

gap which the  neutrons must cross t o  reach t h e  d e t e c t o r  w i l l  be f e l t  as 

a d i s t u r b i n g  i n f l u e n c e .  For example, i f  t h e  d e t e c t o r  i s  10 cm above 

t h e  s u r f a c e  a t  t h e  neares t  po int ,  then a minimum t i m e  l a g  o f  about 

45 psec occurs between t h e  emergence through t h e  s u r f a c e  o f  a thermal 

neut ron  and i t s  subsequent d e t e c t i o n .  The exact  e f f e c t  o f  t h i s  t i m e  

l a g  on t h e  die-away c u r v e  i s  d i f f i c u l t  t o  p r e d i c t  b u t  r e s u l t s  g e n e r a l l y  

i n  a r a i s i n g  o f  t h e  die-away curve toward l a t e r  d e l a y  times, as ob- 

served i n  F ig .  38. No such t i m e  l a g  e x i s t s  when gamma rays a r e  be ing  

measured s i n c e  t h e i r  f l i g h t  times from o r i g i n a t i n g  p o i n t s  t o  t h e  de- 

t e c t o r  a r e  p r a c t i c a l l y  z e r o  on t h e  t i m e  s c a l e  w e . a r e  us ing .  
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X I .  CYCLIC ACTIVATION RESULTS 

A t  t h e  meet ing h e l d  a t  t h e  Sandia Labora tor ies ,  7, 8 February 

1967, recommendations t o  perform s p e c i f i c  s t u d i e s  were made t o  each 

o f  t h e  i n v e s t i g a t i n g  groups. I n  p a r t i c u l a r ,  R. L. Heath recommended 

t h a t  t h e  Mob i l  O i l  Corpora t ion  group s t u d y i n g  neut ron  die-away and the  

I l l i n o i s  I n s t i t u t e  o f  Technology Research I n s t i t u t e  group s t u d y i n g  

n e u t r o n  c a p t u r e  gamma rays b o t h  per fo rm a c t i v a t i o n  a n a l y s i s  exper iments 

by t h e  c y c l i c  or  r e p e t i t i v e  a c t i v a t i o n  method descr ibed i n  t h e  paper 

by Caldwel l  -- e t  a1 . I n  t h i s  s e c t i o n  we d iscuss  t h e  r e s u l t s  o f  t h e  v e r y  

l i m i t e d  b u t  a l s o  v e r y  p romis ing  c y c l i c  a c t i v a t i o n  s t u d i e s  t h a t  t ime a l -  

lowed us t o  make d u r i n g  t h i s  c o n t r a c t  per iod .  

1 

C a l i  b r a t i o n ,  c y c l  i c  a c t i v a t i o n ,  and n a t u r a l  background gamma-ray 

s p e c t r a  a r e  shown i n  F igs.  4-46. The exper imenta l  arrangement was a 

m o d i f i c a t i o n  o f  t h a t  used for the die-away exper iments shown i n  F ig .  6. 
The TMC t i m e  ana lyzer  was replaced by a TMC 256-channel p u l s e - h e i g h t  

ana lyzer  which c o n s i s t s  o f  a Model C N l l O  u n i t  w i t h  a Model 210 Pulse- 

He igh t  p l u g - i n .  A f u r t h e r  m o d i f i c a t i o n  o f  t h e  arrangement shown i n  

F i g .  6 was t o  feed t h e  de lay  generator  p u l s e  i n t o  a Model 531 T e k t r o n i x  

o s c i l l o s c o p e  which then generated a 2500 psec g a t e  pulse.  Th is  ga te  

p u l s e  was delayed 2000 ksec from t i m e  zero  and was used t o  ga te  on t h e  

TMC pu lse-he igh t  ana lyzer .  The t i m i n g  combinat ion f o r  each c y c l i c  

a c t i v a t i o n  run  was (100,5000,1~,2000,2500) i o e e ,  t h e  f a s t  neut ron  

p u l s e  had a d u r a t i o n  of  100 psec, the  t ime z e r o  pu lses  were separated 

by 5000 psec, t h e  PM tube was gated o f f  f o r  a 140 psec p e r i o d  encom- 

pass ing  t h e  neut ron  burs t ,  and t h e r e  was a d e l a y  o f  2000 psec f o l l o w -  

i n g  each t ime zero  p u l s e  be fore  t h e  pu lse-he igh t  ana lyzer  was gated on 

f o r  2500 psec. 

bombarding t h e  model w i t h  f a s t  neutrons f o r  100 psec, a l l o w i n g  2000 psec 

f o r  t h e  die-away of neut ron  capture gamma rays, and then a n a l y z i n g  t h e  

induced p l u s  n a t u r a l  a c t i v i t y  f o r  2500 psec, T h i s  c y c l e  was repeated 

200 t imes per  sec and for a t o t a l  t ime o f  30 min. f o r  each run. 

The c y c l i c  a c t i v a t i o n  s p e c t r a  were o b t a i n e d  then by 
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4 The neu t ron  o u t p u t  was about 1 x 10 n/burst ,  which f o r  a 200 pps 
6 r e p e t i t i o n  r a t e  g i ves  an average neut ron  ou tpu t  o f  2 x 10 n/sec and 

about 4 x 10 t o t a l  neutrons per run. These neu t ron  o u t p u t s  a r e  q u i t e  

l o w  compared t o  t h e  neu t ron  ou tpu ts  r e q u i r e d  f o r  t h e  more convent iona l  

neu t ron  a c t i v a t i o n  techniques.  

9 

The f o l l o w i n g  sequence of c a l i b r a t i o n ,  measuring n a t u r a l  background 

a c t i v i t y ,  and c y c l i c  a c t i v a t i o n  was fo l lowed:  C a l i b r a t e  - n a t u r a l  

background - c a l i b r a t e  - c y c l i c  a c t i v a t i o n  - c a l i b r a t e .  The t i m i n g  

combina t ion  f o r  t h e  c a l i b r a t i o n  and n a t u r a l  background was (0,5000,140, 

2000,2500) i.e., t h e  same as for  t he  c y c l i c  a c t i v a t i o n  bu t  w i t h  no neu- 

t r o n  b u r s t .  The background runs were 30 min. and t h e  c a l i b r a t i o n  runs 

were taken f o r  a t ime  s u f f i c i e n t  t o  o b t a i n  a good c a l i b r a t i o n .  

h igh-energy and low-energy c y c l i c  a c t i v a t i o n  measurements, i.e., meas- 

urements where e i t h e r  high-energy o r  low-energy gamma-rays were o f  p r ime 

i n t e r e s t ,  were made o n  t h e  crushed g r a n i t e  and the  crushed b a s a l t  models. 

Low-energy runs were made on the models one day and h igh-energy runs 

t h e  f o l l o w i n g  day. Th is  procedure a l lowed adequate t ime  f o r  a l l  induced 

a c t i v i t i e s  from t h e  low-energy runs t o  decay b e f o r e  making the  h igh-  

energy measurements, The h igh-energy c a l i b r a t i o n  spectrum and c a l i b r a -  

t i o n  cu rve  a re  shown i n  F ig .  40 and the  low-energy c a l i b r a t i o n  spectrum 

and c a l i b r a t i o n  cu rve  a r e  shown i n  F ig .  41. C a l i b r a t i o n  sources fo r  

t h e  h igh-energy measurements were Co 

source imbedded i n  a p a r a f f i n  b lock.  The Pu-Be neu t ron  source imbedded 

i n  p a r a f f i n  gave c a l i b r a t i o n  p o i n t s  a t  4.43 MeV, 3.92 MeV, 3.41 Mev 

(4.43 Mev gamma ray), and 2.23 Mev (hydrogen cap tu re  gamma r a y ) .  C a l i -  

Both 

60 (1.17 and 1.33 Mev)and a Pu-Be neu t ron  

60 b r a t i o n  sources f o r  t h e  %ow-energy c a l i b r a t i o n  were Co (1.33 Mev and 

1 . I 7  Mev), C ~ ' ~ ~ ( . 6 6 2  Mev), and Na22(.511 Mev and 1.28 MeV) The h igh-  

energy c y c l j c  a c t i v a t i o n  and background spec t ra  fo r  t h e  crushed b a s a l t  

model a r e  shown i n  F i g .  42, and t h e  cor respond ing  h igh-energy spec t ra  f o r  

t h e  crushed g r a n i t e  model a r e  shown i n  F i g .  43. A 6.13 Mev gamma r a y  

which i s  v e r y  i n tense  i n  the  c y c l i c  a c t i v a t i o n  spectrum f r o m  bo th  the  
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crushed b a s a l t  and crushed g r a n i t e  models i s  a t t r i b u t e d  t o  t h e  7.2 sec 

h a l f - l i f e  N16 a c t i v i t y  produced by the  0 l 6  (n,p) N A lso  

r a t h e r  prominent i n  b o t h  t h e  b a s a l t  and g r a n i t e  a c t i v a t i o n  s p e c t r a  i s  

a 1.78 Mev gamma ray. Th is  gamma r a y  i s  a t t r i b u t e d  t o  t h e  2.3 min. 

h a l f - l i f e  A128 a c t i v i t y  produced by t h e  S i 2 8  (n,p) A128 r e a c t i o n .  

The 1.78 Mev gamma-ray appears t o  be more i n t e n s e  i n  t h e  g r a n i t e  spec- 

t rum than i n  the  b a s a l t  spectrum. T h i s  i s  i n  q u a l i t a t i v e  agreement 

w i t h  t h e  chemical a n a l y s i s  o f  these rock  which showed 33.28 w t .  percent  

S i  for t h e  g r a n i t e  and 17.99 w t .  percent  S i  fo r  t h e  b a s a l t .  The na t -  
40 u r a l  background r a d i o a c t i v i t y  shows gamma rays f rom Th, U-Ra, and K 

The 1.46 Mev gamma r a y  a t t r i b u t e d  t o  K a c t i v i t y  appears t o  be more 

in tense i n  t h e  g r a n i t e  background than i n  t h e  b a s a l t .  This, too, i s  

i n  q u a l i t a t i v e  agreement w i t h  t h e  chemical a n a l y s i s  which showed 2.66 
w t .  percent  K f o r  t h e  g r a n i t e  and 1.61 w t .  percent  K for  t h e  b a s a l t .  

The low-energy c y c l i c  a c t i v a t i o n  and background s p e c t r a  f o r  the  

crushed b a s a l t  a r e  shown i n  Fig. 44 and t h e  corresponding s p e c t r a  f o r  

t h e  crushed g r a n i t e  a r e  shown i n  F ig .  45. I n  t h e  n a t u r a l  background 

spectrum f r o m  each model, gama rays  a t t r i b u t a b l e  t o  Th, U-Ra, and 

K40  a c t i v i t i e s  a r e  present .  

c l e a r l y  more abundant i n  the  g r a n i t e  background than i n  t h e  b a s a l t  

bac kg round 

16 r e a c t i o n .  

40 

40 The 1.46 Mev K gamma rays a r e  

There a r e  two pronounced gamma ray  peaks i n  t h e  c y c l i c  a c t i v a t i o n  

s p e c t r a  which a r e  from induced a c t i v i t y .  These can be more; c l e a r l y  

seen i n  t h e  background-subtracted c y c l i c  a c t i v a t i o n  s p e c t r a  shown i n  

F ig .  46. The t w o  prominent gamma-ray peaks occur  a t  0.473 Mev and 

1.78 MeV. The 1.78 Mev gamma r a y  i s  a t t r i b u t e d  t o  t h e  2.3 min. h a l f -  

l i f e  

0.473 MeV, 19 m i l l i s e c  h a l f - l i f e ,  isomer ic  a c t i v i t y  o f  Na 24. 

t i o n a l  a c t i v a t i o n  methods use t h e  15.4 hour h a l f - l i f e  Na24 a c t i v i t y  i n  

a c t i v i t y .  We had hoped t o  see a 0.473 Mev gamma r a y  f rom t h e  

Conven- 

24 a n a l y s i s  for  Na, A l ,  and Mg. 

g i v e  a Na a c t i v i t y  v i a  the  A127(n, Q ) N ~ ~  and t h e  Mg (n,p) Na re-  

Using 14 Mev neutrons bo th  A127 and Mg 
24 24 24 

a c t  ions.  



1 
1 
1 
I 
I 
I 

I 
I 
1 
I 
I 
1 
I 

-54- 

24 Our f i r s t  a t tempts a t  l o o k i n g  fo r  t h e  19 m i l l i s e c  Na isomer ic  

a c t i v i t y  showed a v e r y  in tense .511 Mev gamma r a y  w i t h  o n l y  a bump 

on t h e  low-energy s ide.  The a n n i h i l a t i o n  r a d i a t i o n  was a t t r i b u t e d  

t o  Cu62 a c t i v i t y  induced v i a  t h e  Cu (n,2n) Cu62 reac t ion ,  i n  t h e  cop- 

p e r  neut ron  a t t e n u a t o r  which s h i e l d s  t h e  Nal d e t e c t o r  f rom d i r e c t  bom- 

bardment by 14 Mev neutrons. The copper a t t e n u a t o r  was rep laced w i t h  

a M a l l o r y  1000 ( tungs ten  a l l o y )  a t t e n u a t o r  and t h i s  change e l i m i n a t e d  

t h e  .511 Mev a n n i h i l a t i o n  gamma rays f rom t h e  c y c l i c  a c t i v a t i o n  spec- 

t r a .  

63 

Q u a l i t a t i v e l y  t h e  0.473 Mev gamma ray i s  more i n t e n s e  i n  t h e  c y c l i c  

a c t i v a t i o n  spectrum from b a s a l t  than i n  t h e  spectrum from g r a n i t e .  

t h e  crushed b a s a l t  model and . l o5  gms/cm3 o f  A1 and .0012 gms/cm3 o f  

Mg i n  t h e  crushed g r a n i t e  model. C l e a r l y  t h e  Mg i n  t h e  g r a n i t e  con- 
24- t r i b u t e s  v e r y  l i t t l e  t o  t h e  0.473-Mev isomer ic  a c t i v i t y  from Na . 

Assuming t h e  Mg c o n t r i b u t i o n  i n  t h e  g r a n i t e  as n e g l i g i b l e ,  t h e  i n -  

t e n s i t y  o f  t h e  gamma r a y  should be about 12% g r e a t e r  from t h e  basa l t ;  

however, a v e r y  rough a n a l y s i s  shows t h e  0.473-Mev gamma ray  t o  be 

about 30% more in tense from the b a s a l t  model e The r a t i o  o f  t h e  1.73 
Mev gamma-ray i n t e n s i t y  from t h e  crushed b a s a l t  model t o  t h a t  f r o m  t h e  

crushed g r a n i t e  i s  .60. Chemical a n a l y s i s  gave a v a l u e  o f  0.62 for  

t h e  r a t i o  o f  t h e  S i  per  cm3 i n  t h e  crushed b a s a l t  t o  t h a t  i n  t h e  crushed 

g r a n i t e .  The i n t e n s i t y  r a t i o  o f  t h e  0.473 Mev gamma rays i s  b e l i e v e d  

t o  be almost e q u a l l y  as good. Hence, t h e  a d d i t i o n a l  i n t e n s i t y  o f  t h e  

0;473-Mev gamma r a y  over  t h a t  expected f rom t h e  g r e a t e r  amount o f  A1 

i s  b e l i e v e d  t o  be a r e a l  e f f e c t  and i s  a t t r i b u t e d  to Na produced i n  

t h e  Mg (n,p) Na r e a c t i o n .  I n  f u t u r e  c y c l i c  a c t i v a t i o n  s tud ies ,  

t h e  c y c l i c  a c t i v a t i o n  p e r i o d  i s  t o  be f o l l o w e d  by a c o u n t i n g  p e r i o d  o f  

t h e  r e s i d u a l  a c t i v i t y  a f t e r  the N16 a c t i v i t y  has decayed. I t  i s  hoped 

t h a t  d u r i n g  t h i s  c o u n t i n g  p e r i o d  t h e  0.84-Mev and 1.01-Mev gamma rays 

Chemical a n a l y s i s  shows .118 gms/cm30f A1 and .141 gms/cm 3 o f  Mg i n  

24 

24 24 
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f rom t h e  9.5 min. h a l f - l i f e  M927 a c t i v i t y  produced by t h e  A 27 (n,p) Mg 27 

r e a c t i o n  w i l l  appear i n  s u f f i c i e n t  i n t e n s i t y  t o  make separate determina- 

t i o n  o f  t h e  r e l a t i v e  A l ,  therefore,  b e i n g  a b l e  t o  c o r r e c t  f o r  t h e  A1 

c o n t r i b u t i o n  t o  t h e  19 m i l l i s e c  Na isomer ic  a c t i v i t y .  

A127 and Mg 

techn ique u s i n g  a low-output neutron source. I t  i s  a l s o  b e l i e v e d  t o  

be v e r y  probable t h a t  by count ing  a f t e r  t h e  c y c l i c  a c t i v a t i o n  per iod,  

t h e  separate c o n t r i b u t i o n s  o f  A127 and M924 t o  t h e  0.473 Mev Na 

a c t i v i t y  can be determined. .  I f  t h i s  s e p a r a t i o n  i s  rea l i zed ,  then any 

combinat ion o f  S i28 ,  0 l6 ,  A127, and Mg 

much s h o r t e r  p e r i o d  o f  t i m e  and w i t h  a much lower o u t p u t  neut ron  source 

than i s  r e q u i r e d  by convent ional  a c t i v a t i o n  a n a l y s i s  methods. 

24 

These l i m i t e d  c y c l i c  a c t i v a t i o n  s t u d i e s  show t h a t  0 16 , S i  28 , and 

i n  combinat ion can be de tec ted  by t h e  c y c l i c  a c t i v a t i o n  24 

24 isomer ic  

24 r a t i o s  can be measured i n  a 
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X I  I . VARIOUS PROBLEMS 

I n  t h i s  s e c t i o n  we d iscuss  severa l  problems which have a r i s e n  

d u r i n g  t h e  course o f  t h e  f e a s i b i l i t y  s t u d i e s  on t h e  die-away tech- 

n ique.  Al though a l l  of  these have been cons idered from t h e  stand- 

p o i n t  o f  neut ron  die-away, m o s t  o f  t h e  problems have a d i r e c t  and 

impor tan t  b e a r i n g  on o t h e r  phases o f  the  combinat ion neut ron  e x p e r i -  

ment. 

Wi th  t h e  except ion  o f  one t e s t  run  ob ta ined on concre te  (F ig .  g),  
a l l  gamma-ray die-away runs discussed i n  t h e  preced ing  s e c t i o n s  were 

o b t a i n e d  by g a t i n g  t h e  p h o t o m u l t i p l i e r  o f f  d u r i n g  t h e  f a s t  neut ron  

b u r s t .  We now d iscuss  why t h i s  was necessary. F ig .  47 shows t w o  

die-away runs on the  sol i d  g r a n i t e  o b t a i n e d  w i t h  t h e  Nal/B1° d e t e c t o r .  

The s o l i d  c i r c l e s  show a run taken w i t h  t h e  PM tube gated, whereas t h e  

open c i r c l e s  a r e  t h e  d a t a  f o r  a corresponding ungated run. The t i m i n g  

c o n d i t i o n s  were (100,5000,140,4680,16) and (100,5000,0,4680,16), re-  

s p e c t i v e l y .  The d a t a  p o i n t s  fo r  t h e  ungated run  d u r i n g  t h e  b u r s t  a r e  

non-zero b u t  have been o m i t t e d  because they  a r e  n o t  v a l i d .  Both runs 

were for  30 min. and t h e  neutron o u t p u t  was about 1 x l o 4  neutrons/  

b u r s t  for  t h e  ungated r u n  and somewhat h i g h e r  fo r  t h e  gated run. The 

s t r i k i n g  t h i n g  about the  da ta  i s  the  f a c t  t h a t  the  decay fo r  t h e  gated 

r u n  i s  smooth w i t h  a p p a r e n t l y  o n l y  minor s t a t i s t i c a l  v a r i a t i o n s .  The 

decay fo r  the  ungated run, however, i s  n o t  a b s o l u t e l y  smooth, t h e r e  

b e i n g  d e f i n i t e  i n d i c a t i o n s  o f  wave- l i ke  d i s t o r t i o n s  i n  a t 8 1 e a s t  t w o  

reg ions  o f  t h e  data.  

t o  e x t r a c t  c o r r e c t  exper imental  parameters from such a d i s t o r t e d  curve.  

I t  would c l e a r l y  be d i f f i c u l t ,  i f  even p o s s i b l e ,  

The e f f e c t  i l l u . s t r a t e d  i n  F ig .  47 was ob ta ined on o t h e r  models and 

w i t h  a comple te ly  d i f f e r e n t  detector ,  t y p e  o f  PM tube, p r e a m p l i f i e r ,  

a m p l i f i e r ,  and d i s c r i m i n a t o r .  S ince the  d i f f i c u l t y  d isappears upon 

g a t i n g  t h e  PM tube o f f  d u r i n g  t h e  b u r s t ,  we t e n t a t i v e l y  conclude t h a t  

t h e  t r o u b l e  l i e s  i n  some k i n d  o f  temporary over load p a r a l y s i s  produced 

i n  t h e  PM tube by t h e  v e r y  in tense r a d i a t i o n  e x i s t i n g  d u r i n g  t h e  burst., 
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F ig .  48 shows a comparison o f  t w o  neut ron  die-away runs taken on 

t h e  b r i c k  model, f o r  b u r s t  lengths o f  10 and 100 psec. The t i m i n g  

combinat ions were (100,5000,0,4680,16) f o r  t he  upper curve  and 

(10,2500,0,2180,16) f o r  the lower curve. Both runs were f o r  30 min. 

and for t h e  same instantaneous neu t ron  ou tpu t  d u r i n g  the  b u r s t .  When 

account i s  taken 06 t h e  f a c t  t h a t  h a l f  as many b u r s t s  a r e  i n  t h e  upper 

run as t h e  lower, t h e  g a i n  i n  c o u n t i n g  r a t e  i n  go ing  t o  t h e  l onger  

b u r s t  i s  about a f a c t o r  of 10, t h e  r a t i o  o f  t h e  b u r s t  leng ths .  The 

increase i n  c o u n t i n g  r a t e  i s  l i n e a r  because t h e  s a t u r a t i o n  p o i n t  has 

s t i l l  n o t  been reached even f o r  t h e  100-psec b u r s t .  Use o f  a much 

longer  b u r s t  than 100 psec would no t  r e s u l t  i n  a p r o p o r t i o n a t e  i n -  

crease i n  count r a t e  because the s a t u r a t i o n  va lue  would soon be 

reached. Even though i t  i s  u n l i k e l y  t h a t  the neut ron  source i n  the  

combina t ion  neut ron  experiment package w i l l  have a 100-psec b u r s t  

a v a i l a b l e ,  i t  was decided t o  use t h i s  b u r s t  l e n g t h  i n  t h e  f e a s i b i l i t y  

s t u d i e s  t o  a i d  i n  o p t i m i z i n g  the da ta  tak ing .  From the  s tandpo in t  o f  

o n l y  t h e  die-away and cap tu re  gamma-ray spectrum measurements, a 

b u r s t  l e n g t h  o f  100 psec i s  probably about optimum. 

The next  two problems t o  be d iscussed a r e  d i r e c t l y  r e l a t e d  t o  t h e  

cap tu re  gamma-ray spectrum p o r t i o n  o f  t he  combinat ion exper iment.  

f i r s t  o f  these i s  t h e  m a t t e r  o f  what thermal neu t ron  absorber shou ld  

be used around the  Nal.  For these f e a s i b i l i t y  s t u d i e s  wetused B . 
Th is  a l l owed  us t o  o b t a i n  gamma-ray die-away da ta  which we had thought 

migh t  be somewhat d i f f e r e n t  from those ob ta ined  w i t h  an i n t e g r a l  b i a s .  

As s t a t e d  i n  a p rev ious  sect ion,  t h e r e  seems t o  be v e r y  l i t t l e  d i f f e r -  

ence between the  two types o f  gamma-ray curves. Wi th  an i n t e g r a l  b i a s  

s e t  low, i.e., below the  energy o f  t h e  478-kev l i n e  f rom the  B (n, cy) 

L i 7  reac t i on ,  t h e  gamrna-ray die-away b e n e f i t s  by v i r t u e  o f  a somewhat 

g r e a t e r  c o u n t i n g  r a t e  from t h i s  c o n t r i b u t i o n .  The ga in  i s  no t  g rea t ,  

however. 

The 

10 

10 

The presence o f  t h e  478-kev l i n e  i n  the  cap tu re  gamma-ray 
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spectrum does c o n s t i t u t e  an i n t e r f e r e n c e  f o r  t h a t  measurement. S ince 

t h e r e  i s  no p a r t i c u l a r  advantage t o  t h e  die-away i f  B i s  used, we 

have decided t h a t  f u t u r e  experiments w i l l  be c a r r i e d  o u t  w i t h  L i  , i n  

t h e  form o f  l i t h i u m  f luor ide,as t h e  neut ron  absorber.  

gamma rays a r e  produced when a thermal neut ron  i s  absorbed by L i  . 

10 

6 

No i n t e r f e r i n g  
6 

The second o f  t h e  t w o  problems mentioned above i s  much more s e r i o u s  

and cannot be immediately solved. E a r l y  i n  t h e  f e a s i b i l i t y  s t u d i e s  a t  

I I T  Research I n s t i t u t e ,  i t  became apparent t h a t  t h e  c a p t u r e  gamma-ray 

spectrum measurement would be d i f f i c u l t  t o  c a r r y  o u t  w i t h o u t  some neu- 

t r o n  moderator p a r t i a l l y  surrounding t h e  source. We subsequent ly made 

some t e s t s  t o  determine how much e f f e c t  a smal l  amount o f  moderator 

would have on t h e  n e u t r o n  die-away measurement. Two p a r a f f i n  s l a b s  

were formed, each o f  th ickness  7.5 cm. One s l a b  was 24 cm x 24  cm, 

and t h e  o t h e r  was 2k cm x 10 cm, 

t o  form an "LIl, and t h i s  was i n v e r t e d  and p laced over  t h e  P h i l i p s  neu- 

t r o n  tube such t h a t  the  l a r g e  s l a b  was over  t h e  t a r g e t ,  and the  smal l  

s l a b  was on t h e  s i d e  o f  the  t a r g e t  o p p o s i t e  t o  t h e  d e t e c t o r .  Compari- 

son runs were taken on t h e  crushed g r a n i t e  model w i t h  and w i t h o u t  t h e  
3 moderator i n  p lace.  F i g .  49 shows such a comparison for  t h e  bare  He 

The s labs  were j o i n e d  a t  r i g h t  angles 

d e t e c t o r .  The curves have been normal ized i n  t h e  asympto t ic  reg  

around channel 110-120. Clear ly ,  7.5 cm o f  p a r a f f i h  has a v e r y  

e f f e c t  on t h e  die-away f o r  about 70 channels,or about 1100 psec. 

low ing  t h i s  time, t h e  two die-away curves seem t o  be on t h e  same 

o f  die-away. I t  i s  p robab ly  no t  f e a s i b l e  t o  e x t r a c t  good parame 

from t h e  die-away curve  a f t e r  a d e l a y  o f  t h e  o r d e r  o f  1000 psec. 

on 

arge 

Fo l -  

k i n d  

e r s  

We, 

therefore,  conclude on the  basis o f  t h i s  t e s t  t h a t  7.5 cm o f  p a r a f f i n  

would be t o o  much t o  a l l o w  the thermal die-away measurements t o  be 

made. 
3 A s i m i l a r  t e s t  was performed w i t h  t h e  He /Cd de tec tor ,  and these 

r e s u l t s  a r e  shown i n  F i g .  50. The channel l e n g t h  was 0.5 psec, and 

da ta  f r o m  t r i o s  o f  successive channels have been combined f o r  p l o t t i n g .  
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The curves have been normalized i n  t h e  asympto t ic  reg ion.  As i n  t h e  

thermal case the  moderator in f luences  t h e  die-away u n t i l  t he  asympto t ic  

r e g i o n  i s  reached. Wi th  7.5 cm o f  p a r a f f i n  i t  would be d i f f i c u l t  t o  

get  good ep i thermal  parameters f rom the  data.  

A f i n a l  problem which bears on t h e  e n t i r e  combinat ion experiment 

i s  t h a t  o f  probe o r i e n t a t i o n .  

s t u d i e s  w i t h  bo th  h o r i z o n t a l  and v e r t i c a l  o r i e n t a t i o n ,  and F igs.  51 and 

52 show two examples, I n  F i g .  51, He die-away curves a r e  shown which 

were ob ta ined  on t h e  g r a n i t e  block.  The da ta  have been normal ized  dur-  

i n g  t h e  b u r s t .  The die-away r a t e  w i t h  v e r t i c a l  p o s i t i o n i n g  i s  much 

slower than w i t h  h o r i z o n t a l .  The e x p l a n a t i o n  f o r  t h i s  i s  t h e  same as 

f o r  t h e  d i f f e r e n c e  observed i n  t h e  su r face  i r r e g u l a r i t y  experiment. 

Lag f l i g h t  t imes f o r  thermal neutrons cause the da ta  f o r  v e r t i c a l  

o r i e n t a t i o n  t o  be h e l d  up a t  long de lay  t imes. The minimum f l i g h t  t ime 

i n  t h i s  case i s  about 120 psec. F ig .  52 shows a s i m i l a r  comparison f o r  

gamma-ray die-away on crushed b a s a l t .  The d i f f e r e n c e  between t h e  two 

o r i e n t a t i o n s  i s  much sma l le r  f o r  gamma rays, but  s t i l l  some r e s i d u a l  e f -  

f e c t  remains. This  may be due t o  a r e a l  d i f f e r e n c e  i n  t h e  gamma-ray 

die-away r a t e s  f o r  these two c o n f i g u r a t i o n s  and may be a t  l e a s t  p a r t l y  

due t o  t h e  f a c t  t h a t  a t  122-kev bias,  some thermal neu t ron  component 

i s  p resent  f rom the  BIO capture  c o n t r i b u t i o n .  

We have performed many o f  t h e  die-away 

3 

Both se ts  o f  curves i n  Figs. 51 and 52 have been normalized, so 

r e l a t i v e  coun t ing  r a t e s  f o r  the  two o r i e n t a t i o n s  a re  n o t  apparent;  

From t h e  run da ta  i n  bo th  cases the coun t ing  r a t e s  f o r  h o r i z o n t a l  

o r i e n t a t i o n  a r e  about 2 t o  3 t imes h i g h e r  than those f o r  v e r t i c a l .  Thus, 

from t h e  s tandpo in t  o f  b o t h  count ing  r a t e  and i n t e r f e r i n g  e f f e c t s  due t o  

f l i g h t  t i m e  delays, i t  would seem t h a t  h o r i z o n t a l  o r i e n t a t i o n  i s  pre- 

f e r r e d  over  v e r t i c a l  o r i e n t a t i o n  f o r  t h e  neut ron  die-away measurement. 
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APPEND I X 

The Steady-s ta te  age equat ion  t o  be so lved i s  

a q  l a  a2q + S 6(r) 6(z-d) 6 ( 0 )  = -  ae - - (  r a r  rs)+ - a z 2  2 r r  r 

The method used t o  s o l v e  Eq ( A I )  i s  t o  take  t h e  Laplace t rans fo rm w i t h  
respec t  t o  8, t h e  Hankel t rans form w i t h  respec t  to  r ,  and t h e  F o u r i e r  
s i n e  t rans fo rm w i t h  respec t  to  z .  Def ine  t h e  m u l t i p l e  t rans fo rm o f  q as 

00 00 

When an inve rse  t rans fo rm i s  taken, t h i s  w i l l  be i n d i c a t e d  by t h e  absence 
o f  t h a t  p a r t i c u l a r  s u p e r s c r i p t  on q. 

Tak ing  t h e  LHF t rans form of Eq(A1) and u s i n g  w e l l  known p r o p e r t i e s  o f  t h e  
Laplace, Hankel, and F o u r i e r  transforms, we o b t a i n  the  t ransformed equat ion  

so t h a t  

LHF s i n  k d 

k2 + s2 + p 2rr 9 

From an e lementary t a b l e  o f  Laplace t rans forms we have t h a t  

The inve rse  Hankel t rans fo rm i s  

( A5) 
-0S2 

Jo(rS) d5 
2 

qF = 2Tr 1 rr - emk e s i n  k d 

From an advanced t a b l e  o f  i n t e g r a l s ,  one can f i n d  t h a t  
7 
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1 - A  

and 

'0 

The advanced t a b l e  o f  i n t e g r a l s  g i ves  
2 

s i n  kz s i n  kd  dk e -e  

J 0 L J 

I 
I 
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so t h a t  we f i n a l l y  have 

The equa t ion  for  t h e  thermal neutron d e n s i t y  i s  

Tak ing  t h e  Lap lace  t rans fo rm w i t h  respec t  t o  t, t h e  Hankel t rans fo rm 
w i t h  respec t  t o  r, t h e  F o u r i e r  s i n e  t rans fo rm w i t h  respec t  t o  z ,  and 
making use o f  the  p r o p e r t i e s  of these t rans forms and t h e  boundary and 
i n i t i a l  c o n d i t i o n s  Eq(6) - (8 ) ,  we o b t a i n  t h e  t rans formed equa t ion  
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2-A 

so c) c) 

Taking the  i n v e r s e  Laplace t rans form we get  

2 - v  [ Ca + D('k2 + s2) 1 t 
HF = s e + s2)e  e 

2n n s i n  kd ( 

! 

T h i s  i s  e x a c t l y  Eq.(A4) w i t h  8 rep laced b y  8 + vDt. 

Therefore,  t h e  s teps which l e d  up t o  Eq,(A8) may be repeated, which 
a l l o w s  us t o  immediately w r i t e  t h e  i n v e r s e  o f  nHF, namely t h e  s o l u t i o n  
we seek: 
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TABLE 1 - RESULTS OF THEORETICAL 

CALCULATIONS ON MODEL SIZES 

1.40 

0 .go 

0 *95  

0 3 8  

0 *99 

27 2 

3 20 

370 

400 

127 

153 

178 

195 

2 .00  

0 .go 

0 095 

0.98 

0 099 

200 

232 

265 

296 

96 

113 

133 

144 

2.65 

0 *go 

0 095 

0.98 

0 -99 

152 

176 

20 2 

218 

68 

8 2  

100 

110 
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Si02  

A'2°3 

Fe20 3 

FeO 

CaO 

M9O 

Na 2O 

K2° 

L i  *O 

'2'3 

TABLE 2 - COMPARISON OF CHEMICAL ANALYSES 

59 45 
56.26 

15.02 
16.48 

6.32 
6.73 

0.06 

12.86 

- 

11.25 

1.24 
2.65 

1.43 
1.92 

2. IO 
2.40 

0.20 
0 -0042 

o -005 
0.01 2 

26.78 
23.88 

0.12 
0.65 

0.62 
0.23 

0.19 - 
40.72 
40.57 

0.43 
0.72 

0.51 
0.12 

0.07 
0.04 

0.18 
0 e 0006 

0.001 
0.003 

72.68 
71.18 

13.62 
13.94 

0.69 
3.74 

1.91 

1.45 
1.16 

0.09 
0.13 

3.60 
4.84 

4.80 
3.20 

0.28 
0.0029 

0 ~ 0 0 1  
0.0010 

- 

68.25 
69.84 

15.90 
14.69 

0 *93 
4.63 

2.80 - 
2.09 
1.38 

0.01 
0.07 

3.60 
4.94 

5.33 
3.30 

0.29 
0 -0021 

0.001 
0.001 2 

44.10 
38.48 

9.90 
13.72 

4.08 
14.08 

7.14 - 
12.92 
12.44 

1 3 - 5 2  
14.39 

3-03 
2.72 

1.39 
1.94 

0.22 
0.0037 

0.001 
0.002 

Note: Upper number from Spectrochemical Laborator ies,  Inc. ;  lower number from 
M e t a l l u r g i c a l  Laborator ies,  Inc. 
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TABLE 3 - ELEMENTAL WEIGHT PERCENT FROM 

ANALYSES OF METALLURGICAL LABORATORIES, I N C .  
n 
-0 h 
a, a, 

Q) TI w e  c 

w a , -  
S Y L  v v) C Q )  u -  v) > 

Y o v m m  3 m s  -- C C O Y  
V 0 E -  L L L  - ( D % V  .- ~ e w r n  o c 1 s  O L W O  
L C P P  rn v) w + . e  

(D $2 :.zw w .- 

a v v  W v 

26.30 

8.72 

4.71 

8.04 

1.60 

1.42 

1.99 

0.00195 

0.00373 

11.16 

0.344 

0.161 

29.00 

0.434 

0.0890 

0.0332 

0.000279 

0.000932 

33.28 

7 38 

2.62 

0,829 

0.0784 

3.59 

2.66 

0.001 35 

0.00031 0 

32.65 

7 077 

3.24 

0 3 8 6  

0.0422 

3.66 

2.74 

0.000975 

0.000373 

17-99 

7.26 

9 -85 

8.89 

8.68 

2.02 

1 .61 

0.00172 

o .000621 



E l e m e n t  

S i  

A1 

Fe 

C a  

M9 

N a  

K 

L i  

B 

1 
1 
I 
I 
I 
I 
I 

TABLE 4 - ELEMENTAL THERMAL NEUTRON 

ABSORPTION PARAMETER 

3 (oa/A)  x 10 

5 - 7 0  

8.71 

46.5 

10.7 

2.59 

23.2 

53.7 

10200 

70300: 



TABLE 5 - THERMAL NEUTRON PARAMETERS 

FOR ROCK MODELS 

B r i c k  1.71 

Carbonate 1.31 

Crushed G r a n i t e  1.42 

Sol i d  G r a n i t e  2.63 

Crushed Basa l t  1.62 

0.00576 0.00985 

0.00276 0.00362 

0.00552 0.00389 

0.0041 1 0.01 081 

0.00564 0.00913 
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FIG. 47 - ILLUSTRATION OF DISTORT~DN., IN  
UNGATED GAMMA-RAY CURVES 
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